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RESEARCH ACCOMPLISHMENTS

During the grant period worthwhile contributions have been made on the
qualitative and quantitative understanding of flames. These contributions can
be approximately grouped into four categories: (1) Kinetic structure of
laminar flames; (2) Aerodynamic structure of laminar flames; (3) Structure of
turbulent premixed flames; (4) Soot formation in laminar diffusion flames.
The accomplishments are summarized in the following, while the details can be

found in the published journal papers.

1. Kinetic Structure of Laminar Flames

The emphasis in this area is in understanding and quantifying the
detailed and semi-global kinetics of fuel/oxidizer systems undergoing
combustion.
1.1 Asymptotic Simulation of Hydrocarbon Oxidation Kinetics

In this study we have used large activation energy matched asymptotic
analysis to resolve the detailed reaction process of paraffin/air oxidation as
represented by the four-step semi-global reaction mechanism determined from
Princeton’'s flow reactor. Four major regimes respectively representing fuel
pyrolysis, hydrogen and carbon monoxide production, hydrogen oxidation, and
carbon monoxide oxidation were identified. Embedded within these four major
regimes are fifteen sub-regimes. Unlike previous asymptotic studies of
reaction systems with complex chemistry, transiti .s batween these sub-regimes
are not governed by the different orders of activat.iun energies but rather by
the <creation/destruction and thereby availability of the various
intermediates. Explicit expressions were derived for the characleristic time

scales associated with each sub-regime, Analytical results agree well with




the experimental flow reactor data.
This work is reported in Publication No. 1.
1.2 Nonadiabatic Flame Propagation in Dissociation Equilibrium

An intriguing question in the fundamental study of the structure and
extinction of flames 1is the influence of product dissociation on the
extinguishability of flames. Recently Williams and Peters have analyzed the
diffusion flame structure and found that product dissociation facilitates
flame extinction. In the present study we have analyzed the premixed flame
structure allowing for product dissociation. Analytical solutions have been
obtained with an explicit expression for the burning rate eigenvalue as a
function of the dissociation and heat loss parameters. These reveal the
interesting results that dissociation alone cannot cause extinction of an
adiabatic flame. In retrospect this is reasonable because the effect of
dissociation is equivalent to reducing the heat of combustion, which lowers
the flame temperature but does not alter the basic structure of the laminar
flame propagation which does not exhibit any extinction behavior.

Analysis has also been performed allowing for volumetric heat loss. In
this case it was found that extinction is facilitated in the simultaneous
presence of dissociation and heat loss.

This work is reported in Publication No. 2.

1.3 Kinetic and Thermal Structure of Diffusion Flames

We have analyzed the structure of a diffusion flame supported by a

representative branching-termination reaction scheme
F+R, » 2R,
0+R, » 2R

1

R, + R, + M > 2P + M




where F is the fuel, O the oxidizer, M a third body, and R, and R, are
regenerated radicals. The analysis yields three types of flame behavior,
depending on the efficiency of the recombination reaction. Of particular
interest is the fast recombination regime in which ©branching and
recombination take place in the same, thin reaction zone. An explicit
extinction criterion has been derived which respectively specialize to a
kinetic extinction limit and a thermal extinction limit; in the latter case we
recover Linan’s extinction criterion. This work is reported in Publication
No. 3.

1.4 Experimental and Numerical Determination of Laminar Flame Speeds of

Methane/Air Mixtures under Reduced and Elevated Pressures

The laminar flame speed Sz is an important physico-chemical parameter of

a combustible mixture because it contains the basic information regarding its

diffusivity, exothermicity and reactivity. However, in spite of the extensive
efforts expended to accurately determine their values, wide systematic spreads
in the reported experimental data still exist even though in many instances
the experiments appear to have been carefully executed. Recently, it has been
suggested that these systematic discrepancies are likely caused by the coupled
effects of flame stretch and preferential diffusion. Specifically, it has
been demonstrated both theoretically and experimentally that the flame
response can be qualitatively reversed when the flame stretch changes from
positive to negative (e.g. expanding spherical flame versus the Bunsen flame),
and when the mixture’'s effective Lewis number crosses a critical wvalue
typically around unity (e.g. lean methane/air and rich propane/air mixtures
versus rich methane/air and lean propane/air mixtures).

A particularly serious implication of the stretch-induced flame response




is the potential falsification of the kinetic information determined or
validated through comparison between the numerically-calculated and
experimentally-determined results. In view of this concern, we have recently

proposed a stagnation-flow based methodology through which stretch effects can

o}

be systematically subtracted out such the SL

can be unambiguously determined.

In the present investigation we have accurately determined the Sz of

methane/air mixtures under reduced and elevated pressures. While these data
are of practical interest in 1its own right in terms of high-pressure
combustion, we note in addition that these data also carry significant kinetic
information because pressure not only influences the frequency of molecular
collision but also differentiates the relative efficiencies of the two-body
branching reaction versus the three-body termination reaction. Thus they
provide additional constraints for the validation of the kinetic schemes.

The experimental data have been compared with the numerically-calculated
values obtained by assuming different kinetic mechanisms. Consequently, the
C, mechanism of Miller and C, mechanism of Warnatz both accurately reproduce
our experimental data over the extensive concentration and pressure ranges
tested. The relative superiority of these two schemes cannot be further
resolved.

This work is reported in Publication No. 4.

1.5 Laminar Flame Speeds of Methane/"Air" Mixtures as a Function of

Stoichiometry, Pressure and Flame Temperature

The work of 1.4 has been extended to the determination of laminar flame
speeds of methane/"air" mixtures over the stoichiometric range from very lean
to very rich, the pressure range from 0.25 to 2 atm, and flame temperature

range from 1,550 and 2,250 K; independent variation in the flame temperature
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is achieved by substituting nitrogen in the air by an equal amount of argon or
carbon dioxide. These data are expected to be useful for the partial
validation of proposed kinetic mechanisms. In the present study numerical
simulation of the experimental flame speeds has been conducted by using a C,
mechanism and a full C, mechanism. The calculated results agree well with the
experimental data, for both the C;, and C, mechanisms, except for the very rich
mixtures for which there is substantial over-prediction by the C, mechanism.
Sensitivity analyses have also been performed where appropriate for enhanced
insight into the controlling elementary reactions.

This work is reported in Publication No. 5.
1.6 Experiments on Extinction of Diffusion Flames

In this study we experimentally investigate the theoretical results of
1.3. The theory predicts that, because of the simultaneous presence of
branching and termination reactions, the density-weighted extinction strain
rate of a diffusion flame increases only linearly with pressure, while the
conventional formulation assuming only a one-step second-order overall
reaction predicts a quadratic dependence. The experiment was conducted by
using the counterflow diffusion flame configuration. Experimental results
indeed reveal a linear dependence.

This work is reported in Publication No. 6.

2. Aerodynamic Structure of Laminar Flames
The emphases here are on the influence of stretch and preferential
diffusion on flames.
2.1 Propagation and Extinction of Stretched Premixed Flames

Practically all realistic flames are subjected to aerodynamic stretching,




manifest through flow nonuniformity, flame__, QUivitiilimmetltiditt it

unsteadiness. These processes can profoundly affect the flame from those
prescribed by the classical one-dimensional planar flame propagation theory,
which is frequently the one used in modeling practical combustion phenomena.

The two most important parameters characterizing stretched flames are the
stretched flame speeds and the states of extinction when certain critical
stretch rates are exceeded. Unfortunately, these data have not been obtained.
Therefore, the first contribution of the present study is an accurate
determination of these values as functions of stoichiometry and stretch for
both methane/air and propane/air mixtures. These results further show that
the flame speed is finite at the state of extinction and that the extinction
limits for nearly adiabatic, stretchless, and planar flames appear to
correspond to the flammability limits of the respective mixtures. It is
suggested that kinetic termination could be the dominant extinction mechanism
at the flammability limits.

This work is reported in Publication No. 7.
2.2 Interaction Between Laminar Flames

Modeling of turbulent combustion can be frequently facilitated by
approximating the turbulent flame as an ensemble of laminar flamelets. It is
clear that, contrary to previous modeling efforts in which such flamelets are
assumed to be isolated ones, they are actually in close proximity and
therefore should interact strongly with each other.

In a previous study we have experimentally mapped the extinction limits
of two interacting laminar premixed flames. Subsequently a theory has been
formulated for the extinction of this interacting system. The results show

good agreement with the experimental data for lean methane/air mixtures but
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In the present study we first argued that such a discrepancy is a
consequence of the unity Lewis number assumption in the theory. The theory
was subsequently extended to allow deviation of the Lewis numbers from unity.
Satisfactory agreement with all experimental data was then obtained.

This work is reported in Publication No. 8.

2.3 Dynamics of Stretched Flames

This is an invited review paper presented at the 22nd Combustion
Symposium. Here recent advances in the wunderstanding of the structure,
propagation and extinction of laminar flames under the influence of stretch,
as manifested by the existence of flame curvature, flow nonuniformity, and
flame motion, are reviewed. The emphasis is on premixed flames because of the
richness and subtlety of the phenomena involved. The review distinguishes the
influences of the tangential and normal wvelocity gradients on the flame
response, both at the hydrodynamic scale and within the flame structure, and
emphasizes the importance of the preferential diffusion nature of heat and

mass transport, as well as the extent to which the flame can freely adjust its

location in response to stretch in order to achieve complete reaction. It is
then demonstrated that stretch has only minimal effect on an adiabatic,
unrestrained, diffusionally-neutral flame with complete reaction in that the
temperature, propagation rate, and thickness of the flame are invariant to
stretch, and that stretch alone cannot extinguish such a flame. In the
presence of preferential diffusion and/or when the flame movement is
restrained, the response of the flame to stretch becomes more sensitive and
extinction is also possible. The concept of flame stretch is applied to

interpret such practical flame phenomena as flame stabilization and flame-




front instability, determination of laminar flame speeds and flammability
limits, concentration and temperature modifications in flame chemistry, and
modeling of turbulent flames. The properties of stretched diffusion flames
are then briefly discussed. The review closes with suggestions for further
research.

This paper is designated as Publication No. 9.

3. Structure of Turbulent Premixed Flames
3.1 Structure and Propagation of Turbulent Premixed Flames

Previous experimental studies on turbulent premixed flames have used
either the Bunsen flame configuration or the V-flame stabilized by a rod.
Data obtained from these two flame configurations, however, are complicated by
the uncertainty in the flame orientation and the eddies generated in the flame
stabilization region. In the present investigation we have adopted the
stagnation flame as our model configuration. The advantages here are the
planar nature of the flame which is also normal to the bulk flow, and the
absence of fluctuations generated by the holding region.

Using this flame configuration, experiments have been conducted covering
equivalence ratios of 0.67 to 1.16, incident turbulence intensities of 0.1 to
0.7 m/s, and global stretch rates of 100 to 230/sec. Results on turbulence
statistics show that in crossing the flame the increase in fluctuation is more
pronounced in the normal component, while the Reynolds stress remains almost
zero, and that the velocity joint probability density function is bimodal for
rich flames and mono-modal for lean flames. Turbulent flame speeds determined
as functions of the equivalence ratio and turbulence intensity agree well with

those in the literature.




This work is reported in Publication No. 10.
3.2 Velocity and Scalar Fields of Turbulent Premixed Flames in Stagnation Flow

Detailed experimental measurements of the scalar and velocity statistics
of premixed methane/air flames stabilized by a stagnation plate are reported.
Conditioned and unconditioned velocity of two components and the reaction
progress variable are measured by using a two-component laser Doppler
velocimetry technique and Mie scattering technique, respectively.
Experimental conditions cover equivalence ratios of 0.9 and 1.0, incident
turbulence intensities of 0.3 tc 0.45 m/s, and global stretch rates of 100 to
150 sec~l. The expeiimental results are analyzed in the context of the Bray-
Moss-Libby flamelet model of these flames. The results indicate that there is
no turbulence production within the turbulent flame brush and the second and
third order turbulent transport terms are reduced to functions of the
difference between the conditioned mean velocities of the axial and transverse
components. The result of normalization of these relative velocities by the
respective velocity increase across laminar flames suggest that the mean
unconditioned velocity profiles are self-similar.

This work is reported in Publication No. 11.

4. Soot Formation in Laminar Diffusion Flames
In this series of studies the effects of dilution, preferential
diffusion, inert addition, and aerodynamic straining on soot formation in
laminar diffusion flames were quantified.
4.1 Dilution and Temperature Effects on Inert Addition on Soot Formation in a
Counterflow Diffusion Flame

The isolated effects of fuel dilution and flame temperature variation on




soot formation have been investigated experimentally for counterflow diffusion
flames. The methodology of isolation through temperature adjustment involves
changing the concentration of the fuel by diluting it with nitrogen and then
increasing the maximum temperature of the diluted flame back to that of the
undiluted flame by replacing a portion of the nitrogen in the oxidizer flow
with an equal portion of argon. Soot quantities are determined by using
light-scattering and extinction techniques, flame temperatures by thermocouple
measurements, and velocities by LDV mapping. Results on ethylene show that
both temperature and dilution contribute to a reduction in the soot volume
fraction and dilution accounts for a substantial amount of this reduction. It
is further found that the soot formation rate and specific surface area are
linearly dependent on the initial fuel concentration, while the specific
surface growth rate is insensitive to its wvariation. Finally, the soot
formation process is insensitive to a wide range of fuel ejection rates for
the present counterflow diffusion flame established in the forward stagnation
region of a porous cylinder.

The work is reported in Publication No. 12.
4.2 Preferential Diffusion and Concentration Modification in Sooting

Counterflow Diffusion Flames

An experimental investigation has been conducted on the influence of the
mobility of inert additives on soot formation in propane and ethylene
counterflow diffusion flames. Inerts used were helium, neon, argon, or
krypton, and the results show that while the mobility of the inert has
practically no effect when a small amount of inert is added to the oxidizer
side, the influence is significant when added to the fuel side in that

krypton, being the least mobile inert, yields the greatest soot loading while

10




helium, being the most mobile, yields the least. By relating the spatially-
resolved soot volume fractions to the corresponding profiles of temperature,
velocity and species concentrations, it is demonstrated that this influence on
soot loading is likely caused by concentration modifications of the fuel and
the soot precursors due to the different mobilities of the inert additives.

This work is reported in Publication No. 13.
4.3 Experiments on the Sooting Limits of Aerodynamically-Strained Diffusion

Flames

An experimental study has been performed with axisymmetric counterflow
diffusion flames to investigate the influence of aerodynamic straining on the
relevant sooting limits of the lower alkanes. The limits are defined by the
critical strain rate at which either soot luminosity, soot particle
scattering, or fluorescence 1is negligible compared to the appropriate
background signal. These critical strain rates are found to be greatest for
the sooting limit based on the fluorescence signal, and least for that based
on luminosity. The fluorescence signal, if attributed to polycyclic aromatic
precursors, yields a limit that can be interpreted as the extinction of soot
precursors and is suggested to be a possible 1limit for identifying a
completely nonsooting flame condition, The separate effects of flame
temperature and fuel concentration on the critical strain rates for soot
extinction have also been studied. The results are indicative of how
temperature and concentration influence the soot particle inception process
and they show that both are potentially important parameters. The critical
strain rates display an Arrhenius temperature dependence and this dependence
is similar for all alkanes considered.

This work is reported in Publication No. 14.
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PRESENTATIONS AND SIGNIFICANT INTERACTIONS

During the reporting period the Principal Investigator gave the following

invited and contributed talks.

Invited Talks:

1.

10.

11.

12.

13.

14,

"Combustion of Multicomponent Droplets," Ballistic Reserach Laboratory,
Aberdeen Proving Ground, Aberdeen, MD, Mar.5 , 1985.

"Dynamics of Stretched Premixed Fiames," Department of Mechanical
Engineering, McGill University, Montreal, Quebec, Canada, Mar. 6, 1985,

"Behavior of Non-Dilute Sprays," AFOSR/ARO Workshop on Non-Dilute Sprays,
Sandia Laboratories, Livermore, CA, Mar. 20-21, 1985. *%Lead Talk**

"Recent Advances in Droplet Combustion,” Department of Mechanical
Engineering, Cornell University, Ithaca, NY, Apr. 30, 1985,

"Heat and Mass Transfer in Combustion," Department of Applied Mechanics
and Engineering Sciences, University of California, San Diego, CA, Oct.
11, 1985.

"Dynamics of Stretched Flames," Department of Mechanical Engineering,
University of California, Davis, CA, Jan. 30, 1986.

"Recent Advances in Droplet Combustion," Department of Mechanical
Engineering, Louisianna State University, Baton Rogue, LA, Feb. 18, 1986.

"Dynamics of Stretched Flames," Department of Mechanical Engineering,
University of Oklahoma, Norman, OK, Feb. 19, 1986.

"Recent Advances in Droplet Combustion,” Department of Mechanical
Engineering, Texas A&M University, College Station, TX, Feb. 20, 1986.

"Recent Advances in Droplet Combustion,”™ Department of Mechanical
Engineering, University of Texas, Arlington, TX, Feb. 21, 1986.

"Recent Advances in Droplet Combustion,” Department of Mechanical
Engineering and Aerospace Engineering, Princeton University, Princeton,
NJ, April 1, 1986.

"Dynamics of Stretched Flames," Department of Mechanical Engineering,
University of Colorado, Boulder, CO, April 14, 1986.

"Combustion of High Energy Propellants," Martin Marietta Research Lab.,
Baltimore, MD, July 28, 1986.

"Recent Advances in Droplet Combustion," Department of Mechanical
Engineering, Washington State University, Pullman, WA, Sept. 10, 1986.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

"Recent Studies on the Structure of Laminar Premixed Flames," Department
of Mechanical Engineering, University of California, Berkeley, CA, Oct.
22, 1986.

Recent Advances in Multicomponent and Propellant Droplet Vaporization and
Combustion," ASME Winter Annual Meeting, Anaheim, CA, Dec. 8-12, 1986.
**Invited Talk**

"Recent Advances in Multicomponent Droplet Combustion," Department of
Mechanical Engineering, University of California, Davis, CA, April 9,
1987.

"Incineration of Chlorinated Hydrocarbons," Workshop on Research in
Engineering and System Analysis for the Control of Toxic Substances,"
University of California, Los Angeles, CA, Oct. 21-22, 1987.

"Structure, Propagation, and Stability of Laminar Premixed Flames,"
Department of Mechanical Engineering, Stanford University, Palo Alto, CA,
Nov. 4, 1987.

"Single Droplet Considerations in Spray Combustion Processes-
Experimental Overview," Workshop on Mass, Momentum and Energy Exchange in
Combusting Sprays: Droplet Studies, Sandia National Laboratories,
Livermore, CA, March 28-29, 1988. %*Lead Talk**

"Blending Strategy for the Incineration of Chlorinated Hydrocarbons,"
Workshop on Incineration Technologies for Municipal, Toxic and Hospital
Wastes, National Science Foundation, Washington, DC, April 18-19, 1988.

"Dynamics of Stretched Flames," Twenty-Second Symposium (International)
on Combustion, Seattle, WA, Aug. 15-19, 1988. #**Invited Paper**

"Some Recent Advances in Droplet Combustion," Third International
Colloquium on Drops and Bubbles, Monterey, CA, Sept. 19-21, 1988,
**Keynote Paper*#*

"On Flame Extinction and Flammability Limits of Combustibles,” Department
of Mechanical and Aerospace Engineering, Rutgers University, New
Brunswick, NJ, Nov. 2, 1988,

"Vaporization, Combustion, and Collisional Dynamics of Fuel Droplets,”
Department of Mechanical Engineering, University of Pennsylvania,
Philadelphia, PA, Feb. 9, 1989.

"Extinction and Flammability of Gaseous Combustibles," Department of
Mechanical Engineering, Yale University, New Haven, CT, Feb. 22, 1989.
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Contributed Talks

10.

11.

12.

"Laminar Flame Speeds of Hydrocarbon/Air Mixtures with Hydrogen
Addition," Central and Western States Sections of the Combustion
Institute Meeting, San Antonio, TX, Apr. 22-23, 1985.
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EXPERIMENTAL AND NUMERICAL DETERMINATION OF LAMINAR
FLAME SPEEDS OF METHANE/(Ar, N;, CO,)-AIR MIXTURES AS
FUNCTION OF STOICHIOMETRY, PRESSURE, AND FLAME
TEMPERATURE

D. L. ZHU, F. N. EGOLFOPOULOS anp C. K. LAW
Departinent of Mechanical Engincering
University of California
Davis, California 95616

By using the counterflow method, the laminar flame speeds of methane/(Ar. N,. CO-air
mixtures have been accurately and extensively determined over the stoichiometric runge from
very lean to very rich, the pressure range from 0.25 to 2 atm, and flame temperature range
from 1,550 to 2,250 K; independent variation in the flame temperature is achieved by sub-
stituting nitrogen in the air by an equal amount of argon or carbon dioxide. These data are
expected to be useful for the partial validation of proposed kinetic mechanisms. In the pres-
ent study numerical simulation of the experimental flame speeds has been conducted by
using a C, mechanism and a full C, mechanisin. The calculated results agree well with the
experimental data. for both the C, and C, mechanisms, except for very rich mixtures for
which there is substantial overprediction by the C, mechanism. Sensitivity analvses have also
been performed where appropriate for enhanced insight into the controlling elementary re-

actions.

Introduction

Recent studies of the chemical kinetics of com-
plex reactants of interest to combustion have been
greatly aided by the ability to simulate numerically
the progress of a large number of possible reactions
involving many chemical species.!:2 Such a simu-
lation can serve two purposes. That is, if the ki-
netics of the clementary steps arc accurately known,
then the simulation allows the study of the influ-
ence of chemistry on the combustion phenomena of
interest with confidence. If, however, part of the
kinetic mechanism is either unknown or not well
established, then the numerical simulation can be
used to either identify and/or validate the needed
kinetics information through comparisons with re-
sults obtained through independent experimenta-
tion. It is clear that such a comparison is useful,
and meaningful, only if the experimental situation
clusely simulates that being calculated, and if the
experimental data are of the same degree of accu-
racy, uand the same level of detail, as the calculated
results.

The model flame configuration that is perhaps
most suited for such a simulation, for the study of
chemical kinetics, is the steady propagation of the
adiabatic, one-dimensional planar premixed flame
in the doubly-infinite domain. Since this situation
is totallv independent of external influences such as

those of aerodynamics and heat and radical ex-
changes, the structure and the propagation rate,
Si. of the flame are therefore unique properties of
the combustible mixture, representing its reactivity
in the presence of diffusive transport. Thus an
agreement between the calculated and measured
flame propagation speed, as well as the profiles of
temperature and species concentrations, should be
a strong indication that the kinetic mechanism used
in the calculation is a sufficiently accurate. and
thereby adequate, representation of the complete
mechanism.

Such a requirement, while desirable, is at pres-
ent not achievable owing to the lack of accurate and
sufficient experimental information on the flame
structure. On the other hand. extensive data on the
laminar flame propagation speed have been accu-
mulated over the years. Therefore much of the fo-
cus on the (partial) validation of kinetic mechanisms
has been on the comparison between calculated and
measured flame speeds.'™ Obviously failure to
achieve agreement for even such a global flame
property is a clear indication that the mechanism
requires revision. The usefulness of such a com-
parison has recently been further enhanced with the
development of the counterflow method for the de-
termination of laminar flame speeds.*> That is, ex-
cept for the flat-flame burner method, all other
techniques adopted for measuring flame speeds uti-
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lize flames which suffer aerodynamic straining man-
ifested through either flow nonuniformity, or flame
curvature, or flame motion. When coupled to the
inherent preferential diffusion effects, the flame be-
havior such as its temperature and propagation speed
can be qualitatively and systematically affected.®”
This is probably one of the major reasons that pre-
viously reported flame speeds, determined by var-
ious investigators with great care but by using dif-
ferent flame configurations, can deviate from cach
other by substantial amounts. For example. values
of 25 coi/s to 45 cm/s have been reported as the
laminar flame speed of stoichiometric methane /air
mixtures at 1 atm.® It is therefore clear that such
strain-induced effects will have to be subtracted out
from the experimentally-determined flame speed S,
to vield the proper, strain-free, one-dimensional
flame speed S{ before comparison with the nu-
merical results is valid. Failure to do so can lead
to falsification of the kinetic mechanism “validated”
through comparison. The counterflow method, to
be discussed in the next section, offers such a sys-
tematic deduction. We mention in passing that the
strainless flat-flame burner method, with extrapo-
lation to vanishing heat loss,” still cannot totally
simulate the model laminar flame because of the
potential radical loss at the burner surface.

The general objective of the present study is to
provide experimental data of high fidelity and ac-
curacy for the laminar flame speeds S{ of methanc/
inert/oxvgen mixtures by using the counterflow
method. These results will then be compared with
the numerically calculated values by assuming dif-
ferent kinetic mechanisms. Because of the global
and somewhat limited nature of the flame speed as
a representation of the detailed kinetics, we shall
introduce as much kinetics information as possible
into the reported values of the flame speed. Spe-
cificallv, we shall extensively determine the laminar
flame speed not only as a function of the mixture
equivalence ratio ¢ and pressure p, which are the
traditional independent parameters used, but we
shall also map it as an explicit function of the adi-
abatic flame temperature T,q. which has not been
attempted before. Thus

ST = ST (b, p. T.a)

Since T, of a methane /air mixture is fixed for a
given ¢, in the present investigation T,q is to be
independently varied by substituting Ny in the air
by equal amounts of either Ar or CO, such that the
0, concentration in the (O + inert) mixture is fixed
at 21 volume percent. Thus the inert in our “air”
can consist of either Ny, or (Ar + Ny), or (CO, +
N).

The fact that a comprehensive representation of

the kinetics information of a certain fuel/air system
requires the three independent global parameters

of . p and T,y adopted herein can be appreciated
by recognizing that the rate of an clementary re-
action also requires at least three fundamental ther-
modynamic parameters. These parameters are
needed to represent the local values of the concen-
tration of at least one of the reacting species. the
density and thereby pressure to indicate the fre-
quency of collision, and the temperature to indicate
the energetics of collision. Therefore in the pre-
vious representation of

SU = SE b, L T b,

the concentration and temperature sensitivities of
the elementary reactions have not been indepen-
dently tested.

The above discussion basically provides the mo-
tivation and approach of the present investigation
In the next two sections the experimental meth-
odology and results will be presented. These will
be tollowed by a comparison with results obtuined
frons detailed numerical simulation by assuming dit-
ferent kinetic schemes.

Experimental Methodology

The various flow variables are defined in Fig. la.
The experiment basically involved the establish-
ment of two symmetrical, planar, nearly-adiabatic
flames in a nozzle-generated counterflow. and the
determination of the axial velocity profile along the
centerline of the flow by using laser Doppler ve-
locimetry. By identifving the minimum point of the
velocity profile as a reference upstream tlame speed
Sy corresponding to the imposed strain rate K. which
is simply the velocity gradient ahead of it. and by
plotting Sy, versus K, the laminar flamie speed with-
out straining Si, can be determined through linear
extrapolation to K = 0 (Fig. 1b in accordance with
the theoretical prescription. 67 The lincar extrapo-
lation is meaningtul and accurate only for small val-
ues of the nondimensional strain rate

DK

= — << 1.
Sy

Ka

where Ka is the Karlovitz number and 1) a rep-
resentative mass diffusivity.

The diameters of the nozzles used i the present
investigation were 7. 10 and 14 mm. Thev had high
contraction ratios and were water-cooled and nitro-
gen-shrouded.® The entire burner assembly was
housed in a large stainless steel chamber with ad-
justable pressure and continuous ventilation. The
cross-section of the test portion of the chamber was
14.5 cm by 14.3 em. Ignition was achieved by a
continuous high energy spark produced by retract-
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Fic. 1. (a) Typical axial velocity profile across a
stagnation flame, showing the definitions of K and
S.. (b) Dependence of the flame speed S, (K) on
the strain rate K.

able electrodes. The LDV operated in the forward
scattering mode with 0.3 pm alumina particle seed-
ing.

The flame temperature was independently varied
by substituting part of the Ny in air by equal amount
of Ar and CO; for higher and lower temperatures
respectively. Figure 2 shows the different amounts
of substitution used to produce the mixtures for fixed
adiabatic flame temperatures.

It is important to mention at this point that this
inert substitution affects not only the flame tem-
perature but also the transport properties of the
mixture. Specifically, for the same flame tempera-
ture and similar equivalence ratios, Ar and CO,
substitutions tend to increase and decrease the flame
speed respectively through changes in the effective
(N/cp). where X\ and ¢, are the mixture thermal
conductivity and specific heat respectively. Since
transport properties of mixtures are known with
much greater accuracy than the kinetics, effects due
to transport properties can be accurately described
such that kinetics is the only component to be
studied.

The major source of inaccuracy in the present
experiment comes from the difficulty in accurately
controlling the individual concentrations of the var-
jous gaseous components in the mixture prepara-

tion stage. When the preparation involves only three
components, as in the case of CH,/Ar/Q, in Fig.
3, the control is quite tight and the data have higher
accuracy. However, when four gaseous components
(i.e., CHy, Oy, Nj, Ar or COy) are involved as in
the constant flame temperature experiments, the
simultaneous control is more delicate. Slight un-
certainties in the mixture concentration could lead
to corresponding uncertainties in the flame tem-
perature and equivalence ratio. 1t is estimated that
these uncertainties could result in maximum scat-
ters of £1.5 em/s in the measured flame speed and
+0.01 in ¢. These uncertainties are quite small and
represent an improvement over previously reported
data in addition to the elimination of systematic
strain rate effects.

Experimental Results

Figure 3 is the traditional plot of flame speed
SL versus equivalence ratio ¢ for methane/Ar-air,
methane/Ny-air, and methane/CO,-air mixtures at
1 atm pressure. The symbol I-air here, as in Ar-
air, designates an air mixture in which all the N,
has been substituted by Ar. All of the present re-
sults are bounded by the Ar-air and COq-air data,
from the top and bottom, respectively. We further
note that for the same ¢, flames above and below
the N-air data have higher and lower temperatures
respectively. The data for Ar-air flames obtained by
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erts required to achieve different adiabatic flame
temperatures, as functions of .
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Fic. 3. Experimental laminar flame speeds S; ($)
for methane/Ar-air, methane/N,-air, and methane/
CO,-air mixtures, at 1 atm.

Clingman et al.,'° using the area method, show
maximum flame speeds nearly 40% higher than those
obtained in the present work.

Figure 4 shows the measured S, as a function of
¢, on constant flame temperatures T,q and at 1 atm.
The experimental results of Fig. 3 are shown as
dashed curves. The data set of T,y = 2,250 K cor-
responds to the lowest T,y for which all the S are
higher than the methane/Ng-air curve. For fower
values of T,q. CO, substitution is needed to obtain
flame speeds below those of the methane/No-air
curve. [t is significant to note that S{ varies quite
non-monotonically with ¢; this behavior will be ex-
plained later.

Figure 5 shows the experimental S{ (¢) for var-
ious pressures p with a constant T,y = 2,250 K. It
is seen that, for the same &, S{ decreases with in-
creasing pressure. Since the eigenvalue for laminar
flame propagation is the mass burning rate (per unit
area) p,St instead of S, where p, is the density
of the unburnt mixture, the data of Fig. 5 are re-
plotted in Fig. 6 as p,S{. Now we see that p,S}
increases with increasing pressure. Since for a given
¢ one can define an overall reaction order n{d) such
that p,S$? ~ p™2, the increasing trend of p,S{. in-
dicates positive values of n. Figure 7 shows n de-
termined as a function of p for a given . It is seen
that while n is positive, it decreases with increasing
p for a given &. This illustrates the progressive im-
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Fic. 4. Experimental laminar flame speeds S (4)
for constant flame temperatures, T,4, at 1 atm.
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Fic. 5. Experimental laminar flame speeds S (.
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portance of three-body termination reactions rela-
tive to two-body branching reuctions as pressure in-
creases and overall reaction rate decreases. It is
especially of interest to note that the importance of
the termination reactions is manifested even for the
present situations involving relatively low pressures
and strongly burning Hames.

Numerical Results

Numerical simulation of the one-dimensional flame
propagation was conducted by using the flame code
developed by Kee and co-workers,'!"* with the
minor modification that diffusion of species k is given
by the multicomponent diffusion relation®®

N
XX
DY (—I’)—") v, = Vi) )
1 /jk

without the assumption of trace species diffusion,
where X.V; and Dy are respectively the molar
fraction and diffusion velocity of species j and its
mass diffusivity relative to species k. Overall mass
conservation is achieved by applving Eq. (1) to the
(N = 1) species while using

N
Y Y. vi=0 2
i

for the Nth species, where Y, is the mass {raction.

In adopting the kinetic mechanisms of methane
oxidation needed for simulation. we note that in a
previous study on methane/air flames,'™ an exten-
sive evaluation was conducted for the various ki-
netic mechanisms reported in the literature. Through
such an evaluation, two mechanisms emerge as being
highly predictive of the experimentally-determined
laminar flame speeds. These are the C; mechanism
of Kee et al.13 and the full C; mechanisin of War-
natz,? which are predictive up to & = 1.2 to 1.3.
These comparisons are reproduced for the meth-
ane/Ny-air data in Fig. 8. The C; mechanisin has
the advantages of being predictive up to moder-
ately rich conditions and is also considerably less
time consuming for simulation. Furthermore, it has
also been suggested’” that the methane/air laminar
flame speeds may not be sensitive to Cj-reactions
up to ¢ = 1.3. On the other hand the more com-
plex Cy mechanism has the advantage of extended
applicability over the entire concentration range. It
may also be noted that since development of these
two mechanisms have probably involved some im-
plicit calibration around the stoichiometric condi-
tion, the C; part of the full C; mechanism of
Warnatz® slightly underpredicts the experimental
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data and therefore does not degenerate to the €,
me chanism of Kee et al. ¥

In the present simulation these two mechanisms
are subjected to further validation by comparing the
calculated results with the present data which in-
corporate variations in concentration, pressure and
flame temperature. The constraints imposed on the
validation criterion are there®sre more stringent than
those of the previous validation studies.

Figure § shows the calculated tlame speeds ol
methane /Ar-air mixtures by using both the € and
C> mechanisms. The flame speeds of methane /CO,-
air have not been caleulated because they have very
low values and the calculations are very difficult to
converge. These calculated results are compared with
the experimental data, shown in Fig. 8 as dashed
curves which are reproduced from the solid curves
of Fig. 3. The comparison shows that the C) mech-
anism predicts well the flame speeds of methane/
No-air and methane/Ar-air mixtures cven up to
about & = 1.2 to 1.3. The Cy mechanism slightly
underpredicts the flame speed tor Argon mixtures
up to & = 1.0. although the difference is too small
to be significant. For richer flames, however. it
overpredicts the flame speed by somewhat larger
imounts.

Figure 9 compares the constant T4 data of Fig.
4, shown as the dashed curves here. Most of the
caleulations were conducted with the €, mecha-
nism because numerical solution with the €, mech-
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Fr. 8. Comparison between experimentally and
numerically determined S7 () for methane/Ar-aiv
mixtures at 1 atm, using C, and C, kinetic schemes.
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anisni is very time consuming. [t is seen that the
calculated results satisfactorily reproduce the highly
non-monotonic behavior of the experimental data
The Cp mechanism again shows good agreenient
while the limited amount of solutions with €
mechanism vield higher flame speeds tor the richer
mixtures. It s perhaps somewhat surprising that the
agreement with the Cp mechanisim is better tor the
methane/Na-air and methane /Ar-air flames of Fig
8 than those of the present constant T,y flames which
are bounded by them. This is believed to be caused
bv the increased scatter in the data for the con-
stant-T,q experiments. as mentioned carlier.

Finallv, Fig. 10 shows the comparison for the
constant pressure data, at T,y = 2250 K. The
agreement can again be considered to be mostly
satisfactory.

Discussions

In order to explain the present experimental and
numerical results, which largely agree with cach
other and are therefore consistent. it 18 necessany
to consider both transport effects due to inert sub-
stitution and kinetic effects due to changes w ston-
chiometry, Let us first discuss the non-monotone
hehavior of. sav, the Latm and T,y = 2,250 K data
of Fig, 6: p, Sy is adopted tor disenssion becanse it
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numerically determined S (¢, p) for T, = 2,250
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is the actual eigenvalue of flame propagation. The
results show that p,S{ increases in both the lean
and rich directions from the stoichiometric regime.
Since flame temperature is held constant on a given
curve, and since p,S7 should decreasc based on
concentration effect alone, the observed increase is
therefore due to the higher values of (A\/¢,) of the
mixture with increasing concentration of Ar. The
same explanation can be extended to CO,-diluted
flames.

The behavior of p, S with further departures from
stoichiometry becomes quite asvmmetrical in that it
continues to increase for leaner mixtures but de-
creases for richer mixtures. The increase on the lean
side is of course partly still due to transport effects.
We have, however, found that kinetic effects could
also be partly responsible in that among the three
leading-order reactions

H+ 0, =OH +0 (A)
H+O0y,+M =HO, + M (B)
CH; + H + M= CH, + M, ()

the reaction rates of (A) and (B) are minimally af-
fected with decreasing &, while the recombination
rate of reaction (C) is substantially reduced, by about

40%, from & = 1.0 to 0.7. Thus the overall reac-
tion rate is enhanced.

The decreasing trend for rich flames is kinetic in
nature. For moderately rich flames (1 < ¢ = 1.3)
the forward reaction rates of (A) and (B) respec-
tively decrease and increase with increasing ¢. This
eventually causes a significant decrease in p,S{ in
spite of the positive influence of (A/c,). For very
rich flames (¢ = 1.3) the forward reaction rate of
(A) increases again, although the forward reaction

of
C2H5 + H = CH3 + CH3 (D)

also becon.es important and tends to slow down (A)
by competing for the H radicals.

Figure 6 also shows that the curves “flatten out”
with decreasing pressure. This can be simply ex-
plained by considering the relations

2 3(puST)
-~ P"/"f((b). 2wl

2 (). (3)
g f

P.ST.

Thus for a given ¢ and for the range of n encoun-
tered in the present study (Fig. 7). the slopes of
the curves in Fig. 6 decrease with decreasing p.

It is also of interest to assess whether CO, can
have any significant direct kinetic effect resulting
from its substitution. A comparison between the
CH;/Ns-air flame and a CH,/02/N3/CO; flame
with T,y = 2,150 K, while keeping p = 1 atm and
¢ = 1 for both flames, shows that the sensitivity
on S{, of all the crucial reactions is minimally af-
fected and the maximum CO concentrations also
remain almost the same. Thus CO, substitution does
not directly contribute to kinetic effects.

In view of the higher flame speeds predicted by
the C; mechanism for rich flames, a sensitivity
analysis was conducted for the T,y = 2,250 K and
p = 1 atm flames at ¢ = 1.15 and 1.435. The re-
sults show that reactions of leading order impor-
tance are (A) and {C) as would be expected. For
the reactions at the next order of importance. it is
found that the sensitivity of reaction (D) increases
by a factor of 3.2 from & = 1.15 to & = 1.435,
while the sensitivities of all the other reactions are
not affected much. By slightly modifying the kinetic
constants of this reaction, the calculated flame speeds
can be substantially lowered and improved agree-
ment with the experimental data is achieved. How-
ever we have not attempted to calibrate these ki-
netic constants against our data. Rather we feel it
is more appropriate for a study of the present na-
ture to recommend that the rate constants of this
elementary reaction may need to be either re-ex-
amined and/or re-determined through basic kinet-
ics studies.




LAMINAR FLLAMES: PROPAGATION AND EXTINCTION

Concluding Remarks

There are two aspects of contributions from the
present study. First, we have performed the tedi-
ous task of accurately determining the stretch-free.
laminar flame speeds of methane/(Ar Ny, COy)-air
mixtures over extensive parametric ranges of stoi-
chiometry, pressure, and flame temperature. These
data are expected to be useful for the partial vali-
dation of proposed kinetic mechanisms. Second, we
have also performed detailed numerical calculations
which partially validated 2 C; mechanism and a tull
C; mechanism for lean to moderately rich mixtures.
The need for possible modification of the C; mech-
anism has also been identified. It is clear that such
concrete conclusions cannot be made without an
accurate experimental data set as a reference

The present study also emphasizes that agree-
ment in the flame speed is only a necessary but not
sufficient criterion for the validation of a kinetic
mechanism. For example, we have shown that cal-
culated flame speeds using the C, and C; mecha-
nistns both agree well with the experimental data
even for moderately rich mixtures, while there ex-
ist ample kineticallv-related experimental phenom-
ena which can only be explained by including the
C, reactions. Thus there exists an urgent need for
accurate experimentallv-determined temperature and
concentration profiles of laminar flames which can
be used for full validation. In conducting such ex-
periments or validations, we again caution the necd
to either remove or account for the effects due to
flame straining. These effects can be especially sig-
nificant in the potential modification of the local
concentrations of such highly mobile species as the
important hydrogen radicals.
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COMMENTS

J. Wamatz, Physikalisch-Chemisches Institut, Fed.
Rep. of Germany. I do not agree with yocur con-
clusion that the high flame velocities calculated on
the rich side with the C,-mechanism are due to de-
ficiencies in the C, chemistry. To our present
knowledge, the weakest point in these mechanisms
is CH; oxidation though we do not know the re-
action(s) responsible. Removal of this deficiency
(hopefully in the near future) should lower both the

results with C, and C, mechanism and low results
for the C, mechanism.

Author's Reply. We appreciate very much your
comment. We have adopted a neutral tone in re-
plying because there just do not exist enough in-
formation for a definitive statement. We hope this
reply is satisfactory to you. Let us know when you
get additional insight/results regarding this issue.
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DYNAMICS OF STRETCHED FLAMES

C. K. LAW*
Department of Mechanical Engineering
University of California
Davis, California 95616

Recent advances in the understanding of the structure, propagation, and extinction of lam-
inar flames under the influence of stretch, as manifested by the existence of flume curvature.
flow nonuniformity, and flame motion, are reviewed. The emphasis is on premixed flames
because of the richness and subtlety of the phenomena involved. The review distinguishes
the influences of the tangential and normal velocity gradients on the flame response. both
at the hyvdrodynamic scale and within the flame structure, and emphasizes the importance
of the preferential diffusion nature of heat and mass transport, s well as the extent to which
the flame can freely adjust its location in response to stretch in order to achieve complete
reaction. It is then demonstrated that stretch has only minimal effect on an adiabatic, unre-
strained, diffusionally-neutral flame with complete reaction in that the temperature, propa-
gation rate, and thickness of the flame are invariant to stretch, and that stretch alone cannot
extinguish such a flame. In the presence of preferential diffusion and/or when the flame
movement is restrained, the response of the flame to stretch becomes more sensitive and
extinction is also possible. The concept of flame stretch is applied to interpret such practical
flame phenomena as flame stabilization and flame-front instability, determination of laminar
flame speeds and flammability limits, concentration and temperature modifications in flame
chemistry, and modeling of turbulent flames. The properties of stretched diffusion flames are
then briefly discussed. The review closes with suggestions for further research.

reviews® !! have summarized the various aspects of
these advances.

The objectives of the present review are to syn-
thesize the current understanding of stretched flames
from a unified viewpoint, and to identify arcus for
further rescarch. In the next section the mathe-
matical definition of stretch and its physical inter-
pretation will be presented. We then study the in-
fluence of stretch on the flame structure through
its coupled effect with heat and mass diffusion. Since
the flame response turns out to depend critically on

Introduction

Historically, the concept of flame stretch was first
introduced by Karlovitz' to describe flame extine-
tion in velocity gradients. It was subsequently
adopted by Lewis and von Elbe® to explain and
quantify the various phenomena associated with
flame stabilization. The flame curvature aspects of
stretch also formed the basis for the study of flame-
front instability by Markstein.® In the past fifteen
vears or so significant advances have been made in

our understanding of flame stretch and its influence
on the flame structure. These include a fundamen-
tal generalization of the definition of stretch, math-
ematically rigorous analyses of the structure and
propagation of stretched flames, experimental and
numerical verification and quantification of pre-
dicted properties via model flames, and re-inter-
pretation of certain flame phenomena. Some recent

*Present address: Department of Mechanical und
Aerospace Engineering, Princeton University.
Princeton, NJ 08544.

the unequal rates of heat and species diftusion, as
signified by Le; # 1, the flame behavior without,
and with, preferential diffusion are separately dis-
cussed. We then review the role of stretch in such
practical flame problems as flame stabilization, flame
speed determination, flammability limits, flame-front
instability, concentration and temperature modifi-
cations as related to studies of chemical kinetics,
and modeling of turbulent flames.

While much of the present review is on pre-
mixed flames because of the richness and subtlety
of the response of a premixed flame to stretch. the
properties of stretched diffusion flames are also
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briefly discussed and contrasted with those of pre-
mixed flames. The paper closes with suggestions for
further research.

Definition of Stretch and Preliminary
Considerations

Understanding of the structure and propagation
of premixed flames, both at the fundamental level
as well as for the analysis of practical combustion
phenomena, is frequently based on the classical
model involving the steady propagation of an adi-
abatic, one-dimensional, planar flame into a com-
bustible medium of temperature T, and reactant
concentrations Y, ,, as shown in Fig. la in the flame-
stationary frame. This flame is characterized by its
final, equilibrium temperature T}, which is simply
the adiabatic flame temperature Toy of the mixture,
and by its mass buiulig rate (per unit area) m°,
which is a function of the exothermicity, diffusivity,
and reactivity of the mixture; the superscript “o”
designates properties pertaining to this specific flame
propagation mode. Thus if we symbolize the de-
pendence on exothermicity by the specific heat re-
lease g, diffusivity by the Lewis number Ley; = A/
ic,pD)y). and reactivity by the reaction rate wy of
reaction k, then

m” = m(q. Ley,

wy) (.D

1l

Ti = Thq). (1.2)

Furthermore, if the characteristic chemical times
of the major heat release reactions are much shorter
than those of heat and mass diffusion. then the flame

Unbumed Gas Burned Gas
—_—
Sé=m%, Sg=mYp,
Trans{on Reaclio(p
Zone (33)  Zone (Bg)

(a)

Unburned Gas/

structure can be considered to consist of a thin re-
action zone preceded by a broader transport-dom-
inated, diffusive-convective zone, which are respec-
tively characterized by thicknesses 8g and 8y,
satisfving 8, << 8;,. From m = pu we can then
define an unburnt, upstecam flame speed S, = w''/
pu at the upstream boundary of the transport zone
and a burnt, downstrcam flame speed S,
m®/py, for the entire reaction zone because velocity
does not change much owing to the thinness of this
zone.

The flame configuration of Fig. la is onlv an
idealization. In realistic situations the upstream flow
can be nonuniform while the flame can also be
curved and nonstationary (Fig. 1h), producing what
are collectivelv known as stretch effects. Further-
more, the flame can also be globally nonadiabatic
through exchanges in heat and radicals with the
surrounding. Thus if we symbolize influences of
stretch by a Karlovitz number Ka, to be defined
later, and system nonadiabaticity by a “loss” param-
eter L, then the flame behavior is expected to be
described by

m = m{q. Le,, wi: Ka, L i3

Ty, = Tily. Le,wi Kao L 4

which should deviate from m” and T, of the ideal-
ized situation. 1t may be noted that although (1.3
and (1.4) we have purposely separated out the
functional dependence into the two groups of pa-
rameters (g, Ley, wi) and (Ka.L), strong coupling he-
tween the individual effects is expected. For -
ample, while Ty, depends only on g, the presence
of stretch and/or loss mechanism can cause T, to

Burmed Gas

Hydrodynamic
Zonce (§,))
Transport Rcuclxon
Zonc (§;,) Zone (§,)
(b}

Fic.. 1. Schematics of the structure of 0 a one-dimensional planar flame, and (b a wrmkled e

a nonuniform flow.
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FI16. 2. Schematic of surface element s with ve-
locity V and unit normal vector n in a flow field v.

also depend on the diffusive and reactive aspects of
the problem. We also note that the presence of flow
nonuniformity and flame curvature introduces an
additional, hydrodynamic, length scale, 8y, into the
problem.

To define stretch, we first identify an arbitrary sur-
face s, say an isotherm, within the flame structure
(Fig. 2). This surface has a velocity V while the
fluid has a velocity v. A general definition® %1214
of stretch at any point on this surface is the time
derivative of the logarithm of the area of an infin-
itesimal element of the surface,

1 dA @
T Ad’ '
with the boundary of this surface element moving
tangentially to the surface at the local tangential
component of the fluid velocity. In terms of the flow

Ll 777

1=[(—;f|—)'-ay‘01

(a) Stagnation Flame

variables, it can be shown!?13:16 that

K=[V,-v, + (V-n}V-n);. 22
where V, and v, are the tangential components of
V and v evaluated at the surface, and n is the unit
normal vector of the surface, pointed in the direc-
tion of the unburnt gas. The stretch rate K has the
unit of sec™!.

Equation (2.2) shows the two sources of stretch
a flame can be subjected to. The first term repre-
sents the influence of flow nonuniformity along the
flame surface. Since'®

{Vivde = {—n-V X (v X n)}, 2.3
this term embodies the effects due to flow non-
uniformity through v and flame curvature through
V- n. Furthermore, this term exists only if the flow
is oblique to the surface (v X n # 0). The second-
term in Eq. (2.2) represents stretch experienced by
a nonstationary flame through V, although the flame
also has to be curved because (V- n) vanishes oth-
erwise. These three stretch-induced effects can be
separately referred to as those due to aerodvnamic
straining, flame curvature, and flame motion. We
further note that since {heat and mass) diffusion is
parallel to n, the non-orthogonality requirement of
(v X n) leads us to anticipate the importance of dif-
fusive transport in the dynamics of stretched flames.
even though the discussion so far has been kine-
matic in nature.

As examples, let us compute the stretch rate K
for the three common flame configurations'® shown
in Fig. 3. The flames are assumed to be infinitely
thin for simplicity, thus the stretched surface is the
flame. Figure 3a shows a planar flame situated in
a divergent stagnation flow. Assuming potential flow,
the velocity vector is v = {[a/(c + D)]x, —ay. 0},

A
I3

\

U
(b) Propagating Spherical  (¢) Axisymmetric Bunsen
Flame

Flame

Fic. 3. Examples of stretched flames: (a) Stagnation flame, (b) outwardly propagating spherical flame.

and (¢) axisymmetric Bunsen flame.
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where a is the strain rate of the flow, ¢ = 0,1 for
cartesian and cylindrical coordinates respectively,
and the x- and y-velocities in the cylindrical coor-
dinate are those in the radial and axial directions
respectivelv. Since V = 0, Eq. (2.2) readily vields

K=ua 2.4)

Similarly it can be shown that for an outwardly
propagating spherical flame (Fig. 3b),

2 dR;
K=——, (2.5)
Rf dt
where Ry is the instantaneous flame radius, while

for the conical surface of an axisymmetric Bunsen
flame (Fig. 3c),

U, Sin 0
K= —-———, (2.6)
2R¢

where u. is the uniform upstream velocity, 8 the
apex angle, and Ry the flame radius at a given axial
cross section. Note that K > 0 for the positively-
stretched forward stagnation flame and outwardly-
propagating spherical flame, while K < 0 for the
negatively-stretched, or compressed, Bunsen flame.
The signs of Figs. 3a, b and ¢ are also reversed for
the corresponding flame configurations of the rear-
ward stagnation flame, the inwardly-propagating
flame, and the inverted flame if only the effect of
flame structure is considered. We shall demon-
strate subsequently that the flame response can be
qualitatively reversed for positive and negative val-
ues of K.

Recently the flame behavior in rotating tlow fields
has also been studied by using a rotating stagnation
flow system!7-20 and via tubular flames.2!-% Stretch
rates experienced by these flames can be individ-
ually calculated.

There are also stretchless flames. Examples are
the steady and unsteady one-dimensional planar
flame, and the stationary cylindrical and spherical
flames sustained by line and peint sources respec-
tively.

The stretch rate K can be nondimensionalized by
the characteristic flow time within the flame,

8% D,
Ka= (= K =|=5]|K 2.7
Su (S%)

which is the Karlovitz number mentioned earlier.
The significance of the functional form of Ka will
be discussed in relation to Eq. (4.4). We further
note that since stretch is associated with a given
surface, for a flame of finite thickness we can define
an upstream and a downstream stretch rate, K,, and
Ky, for the unburnt and burnt states of the mixture

respectively. From the viewpoint of asvmptotic
analysis with one-step reactions, Ky, is a more nat-
ural representation of the stretch rate becuuse the
reaction zone is thin and is therefore indicative of
a well-defined “surface.” In realistic situations,
however, the multi-step nature of the chemical re-
action schemes, and the possibility that comiplete
reaction may not be achievable. render this reac-
tion surface less sharply defined. On the other hand.
both numerical and experimental results have shown
that K., which is not directly affected by diffusion
and reaction, can be easily identified. Furthermore,
K, can also be considered as an imposed parameter
while K, is strongly influenced by the flame re-
sponse. Thus we shall adopt K, in subsequent dis-
cussions.

The influence of stretch on the flame response
can be discussed based on the scales as well as the
tangential and normal components of the flow ficld
at the flame. Let us first' consider stretch at the
hydrodynamic scale (Fig. 1b). Here diffusion is not
important and the entire flame can be considered
to collapse into a flame sheet. Thus the hurning
intensity of the flame, such as its temperature T,
and burning rate m,, are not affected by stretch.
The presence of stretch, through the tangential ce-
locity gradient at the flame and quantified by the
Karlovitz number Ka, changes the flame surface area
A and consequently the volumetric burning rate
m,A. Thus positive stretch increases the volumetric
burning rate while negative stretch decreases it. We
shall refer to this stretch as hvdrodynamic stretch.
The role of the normal velocity gradient is ta allow
adjustment of the flame location in the normal di-
rection so that the flame situates where the local
flame speed balances the local normal velocity, that
is S, = —uv,. Thus the combined effects of the tan-
gential and normal velocity gradients are the dis-
placement of the flame surface, distortion of its to-
pography, and modification of the volumetric burning
rate.

In the transport zone the tangential velocity gra-
dient directly affect the normal mass flux my, en-
tering the reaction zone. Furthermore, through in-
teraction with heat and mass diffusion, it can also
modify the temperature and concentration profiles
in this zone and consequently the burning inten-
sitv. T, and my,, in the reaction zone. We shall re-
fer to this stretch as flame stretch. The normal ce-
locity gradient in this zone affects the residence time
within the reaction zone and consequenthy T, and
the completeness of reaction. A measure of this in-
fluence is the Damkéhler number Da, defined as
the ratio of the characteristic flow time to the char-
acteristic reaction time.

Finallv, because of the secondary importance of
convective transport in the reaction zone, streteh
has little intfluence here except for highly stretched
situations.
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It is important to emphasize the different roles
plaved by the tangential and normal velocity com-
ponents in affecting the flame response. Since these
two components are coupled through continuity,
dittusional interaction, and thermal expansion, there
has been some contusion in the literature in distin-
guishing effects caused by stretch trom those caused
by residence time. or Damkéhler number. consid-
crations.

We also note that hydrodynamic stretch and flame
stretch can be strongly coupled in that the hydro-
dynamic stretch imposes the stretch intensity at the
flame needed for flame stretch calculations, while
the flame stretch not only vields the burning rate

at the flame surface needed for the calculation of

the hvdrodynamic flow field, but it also predicts such
critical phenomena as flame extinction.

The final point to emphasize is the flexibility with
which a premixed flame can adjust its location to
accommodate changes in the normal velocity gra-
dient. Thus a change in the stretch rate does not
necessarily lead to a change of corresponding extent
in the residence time. We shall call a flame with
total freedom of adjustment an unrestrained flame.

The influence of hyvdrodvnamic stretch is quite
straightforward and will not be further discussed.
The influence of flame stretch will be studied in
the next two sections.

Flame Stretch in Diffusionally-Neutral Mixtures

Adiabatic Unrestrained Flames:

This is perhaps the simplest situation involving
stretched flames, with L = 0, Ley, = 1. The flame
is also assumed to be able to freely adjust its po-

sition in response to changes in stretch such that
complete reaction can be achieved. Simple s it
be. considerable disagrecment exists m the miter-
pretation of ity basic phenonenas For example
Karlovitz' and Lewss and von Elbe” argued that,
with increasiy How divergence. the gradients o
temperature and concentration hecome flatter such
that extinction eventually ocewrs as a resalt of the
continuous reduction in the temperature of the re-
action zone. On the other hand. Klimov® aud then
Williams” suggested that (positive stretch tends to
thin the flame sheet convectively and to steepen
the temperature and concentration gradients within
it. Counflicting statements abound in the literature
To demonstrate the influence of streteh, let us
first consider the response of a planar adiabatic flame
to acrodyvnamic stretching (Fig, 420, A simple phie-
nomenological analvsis®™ 2 for the control volune
bounded by the streamdines and the boundaries of
the flame vields velations for the overall mass con-
servation. overall energy conservanon, mass bal
ance at the reaction zone and cnergy halance at the
reaction zone, which are respectnely gnen by

'”u"\u = '“I-"\Ix 3

- ey ('l~l‘ - ’1‘“)

mu‘u\u‘"u("lll =T+ A "—g‘—' Ay Ay
n
= Yk dugA, 32
1)(\“) Yik,® 33
DN — 1 = YKok 33
3

Ty~ T

A—— = ‘Rkbal(q 3.4
o1y

——= Convective Transport
Diffusive Transport

PRSP

(a)

=== m,

., L

(b)

Fi. 4. Phenomenology of an aerodvnamically-stretched planar flame. v Correct representation allowimg

for the orthogonality of the diffusive flux, (b mcorrect representation suppressing the effect of streteh
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where ¢,, A and ipD) are assumed to be constants,
k, = B exp(—T,/T,) is the reaction rate constant
evaluated at the reaction zone, and Yg is a char-
acteristic reactant concentration within the reaction
zone.

Approximating Yg = €Y, and 8y = €dp, where
€ = T,/T,, Egs. (3.1) to (3.4) constitute four al-
gebraic relations from which we can solve for the
four flame properties, namely the flame tempera-
ture T, the upstream burning rate m,, the down-
stream burning rate my, and the flame thickness 8p:

Ty =T, + Yug/ey) =T} = Tuy (3.5)
m, = €'0N/c,) kg2 = m (3.6)
my = miA/AY = mYAJA) (3D
8p = (A/c,)/mi, = 8. 3.8)

Equations (3.5) to (3.8) show the interesting re-
sults that the important parameters Tj,. m,, and 8
of this adiabatic, diffusionally-neutral, wnrestrained
flame are not affected by stretch and therefore as-
sume the corresponding values of the one-dimen-
sional unstretched flame. The downstream burning
rate my, is modified from the unstretched value
mj, by the area ratio (A,/Ay), which can be consid-
ered as a measure of the extent of stretch due to
cffects of both flow divergence and thermal expan-
sion. It is also clear that, because of the invariance
of the flame temperature, extinction cannot be
achiceved for this flame. For a curved flame the above

results remain the same except ng, is moditied ac-
cording to Eq. (4.2).

There appear to be different causes leading to
the various earlier interpretations of the effect of
stretch. For example, the argument in fuvor of re-
duced flame temperature discusses only the nega-
tive effect of stretch on flame temperature due to
the diffusive transport of heat and radicals away from
the reaction zone, but it fails to consider the pos-
itive effect of reactant diffusion into the reaction
zone. The argument based on reduced flame thick-
ness does not account for the fact that the flame,
being unrestrained, can move freely in response to
changes in stretch. There are also interpretations
based on some nondimensional and/or transformed
coordinates which however depend on the streteh
rate.

Asymptotic analyses™™” have continned that T,
is invariant to stretch while my, is reduced trom the
unstretched value mj, by a fractional amount Ka.
However, the discussions of Refs. 29 and 30 on the
reduction of the total extent of reaction across the
Hame per unit surface area. and on the extinetion
hehavior of such a flame, have overlooked the facts
that flow divergence is actually the major cause ol
this reduction, and that extinction is brought about
with only a small amount of incomplete reaction. ™!

To further substantiate the insensitivity of thune
thickness to stretch, the temperature profile across
an almost adiabatic, diffusionallv-neutral. ethane /wr
flame in a symmetrical counterflow has been ex-
perimentally measured.? In Fig. 5 these temper-
ature profiles are superimposed by shifting their
spatial focations such that the upstream boundarics

CH, /Air, ®=0.65

1600 - K, sec ‘1 Ka
v 14007 =y 0.072
12000 ¢ 150 0102 /
e [ o 184 0.120
= |
S100T « 2 084 /
= 800
g L Luminous //
£ 600 Zone /
-¥]
B 400 \
200T %
0 A bl 4 1 1
0.20 0.25 0.30 0.35 0.40 0.45 0.50

Shifted Spatiai Coordinate, cm

Fi.. 5. Experimental temperature profiles of ethane/Zair flames, with coordinate shifted o demonstrate
the minimal influence of stretch on the flame properties, especially the flame thickness. for adiabatic,

unrestrained. diffusionally-neutral flames.™
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of the luminous zones coincide. 1t is seen that these
temperature profiles, and thereby the Hlame tem-
peratures and thicknesses, are basically unaftected
by stretch. The thicknesses of the luminous zones
are also not affected. It is significant to note that
at the state of extinction, caused by incomplete re-
action to be discussed next, the stretch rate for this
mixture has been determined to be about 320 57!
Thus the flame temperature profile remains insen-
sitive to stretch up to stretch rates sufficiently close
to that of extinction. This experimental result has
also been corroborated by numerical solutions.™

Using D, = 0.2 cm?/s as given in Ref. 32, and
Sy = 17.5 cm/s determined in the manner of Fig.
16 which will be discussed later, the Karlovitz
number Ka for the situations of Fig. 5 can also be
estimated. It is seen that these values are all suf-
ficiently smaller than unity. specifically, the extine-
tion value is only Ka., = 0.2.

We mention in passing that in writing the overall
energy balunce of Eq. (3.2). it is essential that the
diftusive flux is normal to the reaction zone as shown
i Fig, 4a. I the diffusive flux s foreed to lie along
the streamlines (Fig. 4br. then the diftusion term
in Eq. (3.2) is suppressed. resulting in

m, = maAp/AL, my, = mj, 3.9
which are completely contrary to Eqgs. (3.6 and (3.71,
and are incorrect. Thus it is necessary to preserve
the orthogonality relation between the flaine sur-
face and the diffusive fluxes when performing “quasi-
one-dimensional” analysis. In fact. the planar flames
in the divergeat flow fields of Refs. 33 and 34 are
stretchless, according to the definition of K in Eq.
2.2i, because diffusive transport has been assumed

Voo
to occur along the streamlines (v X n = ),

Adiabatic Restrained Flames:

We next consider situations under which the free
movement of a flame in response to stretch is re-
strained. as typified by the strongly-stretched stag-
nation flame.® % The flame is now situated close
to the stagnation surface and thereby loses its flex-
ihility to move freely. If the stagnation surface is
adiabatic and effectively impenetrable to net mass
transfer, then with further increase in streteh the
residence time decreases, the flame becomes thin-
ner, complete reaction cannot be achieved, and ex-
tinction eventually occurs. Extinction in this case is
caused by stretch-induced incomplete reaction. not
by stretch alone. The Damkéhler number now ex-
erts a much stronger role in the flame behavior,
especially the state of extinction.

If the stagnation surface is penetrable, as in the
case of impinging the combustible mixture against
a hot product gas strcam, then the reaction zone
can actually migrate across the stagnation surface

»

and thereby assume a negative flame speed ™ The
fuel consumption and heat release rates are of course
still positive. Combustion in this situation is sup-
ported by diffusion of the reactants against the un-
favorable convection. The existence of negative {lame
speeds has been experimentally verified® for su-
peradiabatic flames whose downstream temperature
is higher than the adiabatic flame temperature.
Adiabatic negative flame speeds have not been ob-
served.

Another example of a restrained flame is the tip
segment of a Bunsen flame because the orientation
of the shoulder scgment is somewhat tived for
given mixture flow, and because the upstream tlame
speed at the tip is also fixed at the value of the
local flow velocity. Thus the flame speed here s o
given parwmeter instead of a flame response to be
solved. Indeed, the exceptionally large value of the
“flame speed” at the flume tip® has long been an
anomaly in combustion science. Some preliminar
theoretical and experimental i estigations ™ have
been conducted. although the detuited structure of
this restramed, highlyv-curved flame segment re-
guires further study.

Nonadiabatic Flames:

The effects of heat loss are quite obvions: it slows
down the burning rate and can eventually cause e-
tinction. Aerodynamic stretching changes the proa-
imity of a flame to the heat sink while flame cur-
vature also changes the intensity of the heat fluy
over the flame surface. Thus the influence of streteh
and heat loss are intimately coupled. Libby and
Williams™ ¥ have performed detailed analysis of
nonadiabatic counterflow flames. Experimentally,
Law et al. ™ have found that downstream heat loss
does not strongh affeet the flame behavior as long
as the flame is not too close to the cold stagnation
surface.

Flame Stretch in Diffusionally-Imbalanced
Mixtures

Phenomenology

While pure streteh basically has i effect
on the propagation of an adiabatic. diftusionalbiy -
nentral, uarestramed Hlame. the flame response can
be significantly: maoditied in the presence of prod-
erential diffusion. To demonstrate this influence we
first note that there are at least three diffusivities
of interest for an inert-abundant mixture, nameh
those associated with heat (14, the deficient reac-
tant (1,1, and the excess reactant (D). From these
three diffusivities two interpretations for the effects
of preferential diffusion have been developed. com-
paring 13, with Dy and 13, with D, for sufticienthy
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off- and near-stoichiometric situations respectively.
These two interpretations can be respectively termed
non-unity Lewis number (Le = Dy/D;) effect and
differential diffusion (Di/D;) effect.

We again take the stagnation flow as an example
{Fig. 6a), and draw a control volume enclosing the
transport zone and the divergent streamline as
shown. Then with the Lewis number interpreta-
tion. ™" it is clear that the control volume loses
thermal energy to the external streamlines while it
gains chemical energy from them due to an in-
crease of the deficient reactant concentration. Thus
the flame behavior. especially the flame tempera-
ture. depends on the relative rates of heat and mass
diffusion. If the diffusivities are equal such that Le;
= 1. then total energy conservation is maintained
and the flame temperature is the adiabatic flame
temperature. This is the case studied in the pre-
vious section. However. if Le > 1, heat loss ex-
ceeds mass gain and we expect T, < T,. Con-
versely Ty, > T, if Le < L.

We next take the differential diffusion interpre-
tation. Then if the leaner reactant is also the more
diffusive one, the reactant concentration in the re-
action zone will become more stoichiometric such
that the flame temperature is higher and the burn-
ing more intense. The converse holds if the leaner
reactant is less diffusive. In the following we shall
adopt the Lewis number interpretation because off-
stoichiometric burning is more prevalent and be-

Stagnation Surface
i LA

™

Heat Conduction

II/17A

/"

Reaction Zone
Control Volume

Mass Diffusion Diffusion of i

Diftusion of j

(a)

Heat Conduction

Mass Diffusion

{b)

1. 6. Schematics of (a) the stagnation flow. and
b) the Bunsen flame. illustrating the coupled influ-
ence of flame stretch and preferential ditfusion on
the flame response.
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cause heat diffusion is a crucial mechamsm i flame
propagation. Experimental results* also indicate that
the Lewis number interpretation seems to have a
wider range of applicability.

If we now attempt to extinguish this stagnation
flame by increasing the stretch rate, the flame will
be pushed closer to the stagnation surface. At the
same time it will suffer stronger flame streteh and
thereby preferential diffusion effects. Thus it iy clear
that for Le > 1, there exists a entical streteh rate
at which T, will be reduced to such an extent that
steady burning is not possible. Extinction oceurs
when the flame is at a finite distance away trom the
surface, with the lean reactant almost completely
depleted in crossing the flame. On the other hand.
for a Le < 1 flame, increasing streteh elevates T,
and therefore extinction cannot occur until the
downstream boundary of the reaction zone is pushed
onto the stagnation surface. With further stretch-
ing. reaction cannot be completed because of the
reduced residence time. Only then will the flame
temperature start to decrease, leading eventually to
extinction. Thus the extinction mechanism s sinu-
lar to that of the Le = 1 case studied previoush.
except the extinction stretch rate with Le < 1 s
higher in order to compensate for the higher lume
temperature initially attained.

The second situation illustrating flame stretch of-
fects involves the burning intensity over the curved
surface of an axisymmetric Bunsen cone (Fig. 6b.
Here if we assume for simplicity that the fow is
uniform, then flame stretch is mainly manifested
through curvature effects, especially in the tip re-
gion which has the strongest curvature. Thus for a
closed tip, its concave nature towards the tresh
mixture focuses the heat ahead of the Hame. and
therefore tends to raise the Hame temperature o a
value above T, On the other hand. this corvature
has a defocusing effect on the reactants approachimy
the flame, and therefore tends to reduce the flame
temperature. Thus the temperature of the fhane
again depends on the relative rates of heat and mass
diffusion. The deviation increases progressively from
the flame base towards the flame tip because of the
corresponding increase in the streteh intensity Thus
for Le > 1 the tip will burn more intensely rel-
ative to the shoulder region of the tame, while fo
Le < 1 the burning is less intense and can lead to
local extinction, commonly known as opening, of the
tip. Note that because of the compressive nature of
the Bunsen flame, its behavior in response to Lews
number variations is completely opposite to that of
the positively-stretched stagnation flame.

Energy Conservation:

The above result that the temperature of the bumnt
gas of a diffusionally-imbalanced stretched flame can
deviate from the adiabatic flame temperature of its
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unburnt mixture appears to violate the principle of
energy conservation. To explore this point, Figs. 7a
and 7b show the profiles of the stoichiometrically-
weighted temperature T, mass fraction Y, and the
total energy as represented by the coupling func-
tion B = T + Y, for the case of Le < 1 for which
T, > Ty where T,y = T, + Y_.. Itis clear that
in a steady-state situation, as for the stagnation and
Bunsen flames, energy is not conserved as the fresh
mixture traverses the flame. This is a local phe-
nomenon hecause only diffusion normal to the flame
has been considered. 1t is reasonable to expect that
global energy conservation can again be established
by considering diffusion of the excess/deticit heat
or mass in the tangential direction along the flame
within the transport zone of the entire flame sur-
face.

The consideration is somewhat different for the
expanding spherical flame because the entire flame
surface is already accounted for. The profiles of Fig.
7 are now instantancous values. Energy in this case
is conserved in that the increase in energy of the
burnt gas over Toy is achieved by drawing excess
cnergy in terms of the reactant concentration from
the upstream mixture. As the flame expands the
amount of excess energy associated with the burnt
gas increases because of the increase in volume.
However, at the same time the amount of energy

T+f

74 7

p=T

Distance
(b)

FF16. 7. Schematics of (a) the temperature and
concentration profiles, and (b) total energy profile
tor a Le < 1 positively stretched flame. illustrating
the discussions on energy conservation.
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deficit in the transport zone also increases because
of the corresponding increase in the volume of the
transport zone. Thus at any instant the increase in
excess energy in the burnt zone is achieved at the
expense of the corresponding decrease in energy n
the transport zones. Conscquently the amount of
excess and deficit energies exactly balance

Theoretical Results:

Most analvtical studies on stretched flames are
based on large activation energy asvinptotics. These
stu’ s cun be grouped into three categories. nameh
©alti-scale analyses of a general wrinkled flawe
in a nonuniform flow. ™ ¥ () detailed analvses of
a specific flame configuration such as the stagnation
flame, ¥ 124355 b e Bunsen flame, ™ #2752 the
spherical flame.™ ® or the tubular flame.™ 2 and
() analyses mvolving flame/flow situations charac-
terized by some prescribed mathematical forus of
stretch. ™ ™ The first category. while general in the
physical situations, viclds only lincarized results tor
weak stretch. The second category, while being
specific in the physical configuration, does predict
nonlinear phenomena such as extinction. The third
category can also be very useful in identifying some
specific features of stretched flames. Recently the
method of integral analysis has also been ap-
plied 7”3 vielding characteristics of the bulk flame
parameters which appear to be both general and
capable of exhibiting the nonlincar effects of strong
stretch and flame extinetion.

The lincarized solution of Ret. 27 vields the tol-
lowing explicit expressions of the various e re-
sponses for a wrinkled lame in a nonuniform flow

field:
T, T, 1 .
—=——=1l+{—-1}Ka ERY
h Taa Le '
m, S
(%)%
my/ S,
( | ) Ka
=) —— 2
Le 2T,/ T,
mn Sy, Ka ] Na
—=—=l-—+{— 1) 43
mi,  Sj Le Le 2Taa/TH
where
8(). .U. N
Ka = —1 = —l,—, K
Sa (S
1 '.\)I.u
=V\To SR
[Sole = DI
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Fic. 8. Schematic showing the response of the reaction rate to increasing stretch in a stagnation flow.

for various Lewis numbers.”

( 'LII'.U) _ {(Dl{'u gi‘")l/?_}
s¢ SYLe = 1)
Dy,

S%Le = 1)

O

T =

4.5)

and_ we have used the relation
VLeSg().

The above results show that the flame temper-
ature can deviate from the adiabatic flame temper-
ature only in the simultaneous presence of stretch
(Ka # 0) and preferential diffusion (Le # 1). The
modification in the downstream velocity results from
flow divergence and changes in the flame temper-
ature and thereby burning intensity in the presence
of preferential diffusion, as given by the second and
third terms of Eq. (4.3). The modification in the
upstream velocity results from the flame curvature
and the preferential diffusion effects. These results
essentially degenerate to Egs. (3.5) to (3.7) for a
planar, Le = 1 flame.

Equation (4.4) shows that the effect of stretch as
represented by Ka can be increased by increasing
the stretch rate or mixture diffusivity, or by de-
creasing the flame speed. We also note that be-
cause the laminar flame speed S} increases with in-
creasing Lewis number, the dependence of S, on
the mixture diffusivity can be actually non-mono-
tonic. It further implies that the preheat zone
thickness 8% depends on the geometric average of
the thermal and mass diftusivities, from which a

$%Le) =

weighted diffusivity Df, can be defined. as in Eq.
(4.5).

A generalized nonlinear theory of wrinkled flames
based on differential analysis has not been formu-
lated, although an integral theory has been ad-
vanced.® The salient features of the flame re-
sponse, however, can best be illustrated by the
numerical solution of the simple adiabatic stagna-
tion flame. ™" Figure § shows the qualitative be-
havior of the reaction rate profiles with increasing
stretch for various Lewis numbers.™ For Le >>
1, increasing stretch decreases the maximum reac-
tion rate and extinction occurs when the reaction
zone is away from the stagnation swrace and re-
action is complete. For Le S 1, reaction rate still
decreases with stretch except now extinction vccurs
with the reaction zone pressed against the surface
and reaction is not complete. For Le = 1. the re-
action rate remains unchanged until the reaction
zone reaches the surface. Finally, for Le < 1, the
reaction rate continuously increases with stretch until
the reaction zone reaches the surface, then it de-
creases. Thus except for the case of Le >> 1, in-
complete reaction is essential in causing flame ex-
tinction.

Figure 9 shows variation of the maximum flame
temperature with stretch for different Le. The be-
havior basicallv corroborates that of the reaction rate
profiles.

The influence of reaction intermediates on the
response of stretched flames has not been ade-
quately studied.™ ™ Numerical solutions of the
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Maximum Flame Temperature

Increasing Stretch

Fic. 9. Schematic of the variation of the maxi-
mum flame temperature in response to increasing
stretch, for various Lewis numbers.

stagnation flame with complex chemustry™~™" have
shown that the behavior of the bulk flame param-
eters are in qualitative agreement with interpreta-
tions based on a single reactant, without consid-
ering the possible preferential diffusion nature of
the combustion intermediates. Reference 76, how-
ever, has noted the role of incomplete reaction of
the H radical in flame extinction, while the asvmp-
totic results”™ obtained with a two-step branching-
termination chain reaction model have shown that
depending on the parameter range the mass burn-
ing rate can be either increased or decreased.

Experimental Results:

The above discussions show that the response of
a stretched tlame exhibits opposite behavior when
the stretch changes from positive to negative, and
when the mixture’s effective Lewis number is greater
or less than a critical value, which is unity for the
flame temperature. These completely opposite trends
should provide definitive verification of the concept
of flame stretch with preferential diffusion.

Two groups of mixtures are especially suitable for
the study of preferential diffusion effects. The first
group consists of lean methane/air and rich pro-
pane/air mixtures. Rough estimates® show that their
effective Lewis numbers, based on the deficient
species, are less than unity. Thus positive (nega-
tive) stretch is expected to increase (decrease) the
flame intensity of such mixtures. This argument still
holds even if we just consider the relative mass dif-
fusivities of the fuel and oxidizer species. That is,
based on.molecular weight considerations, we ex-
pect the diffusivities of the various reactants rela-
tive to nitrogen should increase in the order of pro-
pane, oxygen, and methane. Thus positive (negative)
stretch will increase (decrease) the methane con-
centration of a lean methane/air mixture but de-
crease (increase) the propane concentration of a rich
propane/air mixture at the flame. Both mixtures are

consequently rendered more tess! stoiclnometne at
the flame. leading to enhanced (reduced! burning
intensity.

The second group consists of rich methane /fair
and lean propane/air mixtures, whose effective Lewis
numbers are greater than unity while positive (neg-
ative) stretch also renders the misture less (more
stoichiometric. Thus the responses of these two
groups of mixtures to stretch are expected to be
qualitatively opposite.

Three series of experiments have been con-
ducted using these mixtures in flame configurations
exhibiting positive and negative stretches. For pos-
itive stretch, extensive experiments have been per-
formed by using the symmetrical counterflow sys-
tem. 8% This system has the advantage over the
one created by impinging a single stream onto
solid surface in that, because of symmetry, the
stagnation surface in a counterflow is close to heing
adiabatic.

Although theoretical results show that both the
flame temperature and flame speed exhibit flame
stretch and non-unity Lewis number effects, ex-
perimental determination of the flame temperature
is more definitive as compared with that for the
flame speed, whose value depends on where it is
evaluated. Thus in Fig. 10 we show the measured
flame temperature Ty and the distance of the center
of the luminous zone ys from the stagnation surface
with varying stretch rate. If we exclude the small
regimes near extinetion, the resalts agree with pre-
vious discussions in that with increasing stretch the
lame temperature incrcases lor a lean methane fuir
flame and a rich propanc/air flame, decreases for
a lean propane/air flame, and slightly decreses for
a rich methane/air flame. Furthermore. the fame
extinguishes when it is away from the stagnation
surface for rich methane/air and lean propanc/air
flames, and at the stagnation surface for Jean meth-
ane/air and rich propane/air flames.

Next we examine the flame temperature re-
sponse to negative stretch, provided by the increas-
ing curvature along the surface of an axisvimmetric
Bunsen cone. #8485 The behavior should be com-
pletely opposite to that of the counterflow flame.
Figure 11 shows the measured maximum flame
temperature T, along the flame surface. Excluding
the segment near the flame base where burning is
weak due to heat loss to the burner rim, it is seen
that as the intensity of negative stretch increases by
moving along the flame towards its tip. the flame
temperature increases for the rich methanc/air and
lean propane/air flames, but decreases for the lean
methane /air and rich propane/air flames. The neu-
tral compositions are approximately ¢ = 1.00 and
0.94 for methane/air and propanc/air flames re-
spectively. Figure 11 further shows that ethylene.
whose molecular weight is intermediate between
those of methane and propane. shows almost neu-
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Fic. 11. Experimental results showing the quali-
tatively different hehavior for the flame tempera-
ture of negatively-stretched axisymmetric Bunsen
flame for mixtures exhibiting (CH,/Air, C,H,/Air)
and not exhibiting (C,H,/Air) preferential diffusion
effects.™
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Fic. 12. Experimental results on the ticue tom-
perature of two-dimensional Bunsen flames .* )
methane/air, and (b) propane/air mixtures, show-
ing the lack of influence of preferential diffusion on
stretchless flames. ™

Eq. (5.2) is essentially the criterion for blowofl” (of
inverted flames) as originally advanced by Karlovitz'
and Lewis and von Elbe.? This stabilization mech-
anism is dynamic in nature, and strictly speaking is
also not a stretch phenomenon because only the
normal velocity gradient is considered. Indirectly,
stretch may appear to influence flame stabilization
because of the relationship between the normal and
transverse velocity gradients, and because S, can
be affected by flame stretch through its coupled ef-
fects with heat loss, flow nonuniformity, flame cur-
vature, and preferential diffusion.

The above stabilization mechanism is physicallv
sound. However, in an effort to be guantitatively
predictive, Lewis and von Elbe® further proposed
that blowoff should occur when the velocity varies
significantly within the flame, or

35\ [ ot
(——") (—) = 0(1). (5.3
S:: aI u.B

The validity of Eq. (5.3), or similar expressions
with different forms of velocity gradients, has been
extensively explored.2*>"™ However, the meaning-
fulness of such a criterion and the fidelity of the
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FI1G. 13. Experimental results of the flame speeds
of the positively-stretched outwardly-propagating
flame for propane/air mixtures exhibiting prefer-
ential diffusion effects.®*

comparisons have been seriously questioned.®%®
Kawamura and co-workers®"''® have also shown that
flame curvature, instead of flow gradient as given
by Eq. (5.3), yields better correlation with the
blowoff data of inverted flames.

s
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Fic. 14. Extinction stretch rates K., for the sym-

metrical counterflow methane/air and propane/uir
flames.*

In light of our earlier discussion, the possible
failure of Eq. (5.3) can be appreciated for several
reasons. First, the original postulate’ of Eq. (5.3)
is based on the concept that the flame temperature
is reduced with increasing stretch, which eventu-
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Fic. 15. Schematics showing (a) flame/flow configuration, and (b) blowofl mechanism, of inverted flames.”
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allv causes extinction. We have, however, shown
that the flame temperature can either increase or

decrease with stretch depending on the nature of

preferential diffusion. Second, Eq. (5.3) also does
not account for the influence of heat loss and flame
curvature on the flame speed. Third, the inverted
flame does not appear to be sufficiently restrained
to suffer extensive incomplete reaction. It is there-
fore quite likely that Eq. (5.3) is not applicable to
flame blowoff.

Determination of Laminar Flame Speeds:

In spite of the technological and fundamental im-
portance of the laminar flame speeds S§ of com-
bustible mixtures, and the extensive efforts ex-
pended to accurately determine their values,
substantial systematic spreads still exist in the re-
ported data. While it is not always easy to individ-
ually identify the causes for such discrepancies, it
is recognized that since most of these determina-
tions involve stretched flames such as the Bunsen
and outwardly-propagating spherical flames, the re-
ported data are actually S, instead of S§. A partic-
ularly serious implication of the influence of stretch
1s the potential inaccuracy in the kinetic informa-
tion determined or validated through comparison
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Fii. 16, Principle of counterflow methodology i
determining S50 (@) Velocity profile and definition of
reference S, 1) extrapolation of reference S, to vield

s

between the numericallv-caleulated S, and expen-
mentally-determined §,.'"" 1

Recently the svmmetrical counterflow Hane con-
figuration has been used through which streteh of-
fects can be systematically subtracted out.™ %7 1"
The experiment basically involves determining the
axial velocity profile along the centerline of the flow
by using LDV (Fig. 16a), and identifying the min-
imum point of the velocity profile as a reference
upstream flame speed S, corresponding to the im-
posed stretch rate K. Thus by plotting S, versus
K, Si can be unambiguously determined through
linear extrapolation to K = 0 (Fig. 16b).

Figure 17 shows close agreement between the
experimentaliv-determined S§, and the numerically-
caleulated values'™ ' by using the flame code of
Kee et al.'™ Such close agreement over extended
ranges of equivalence ratio and pressure provides
mutual support for the validity of the experimental
methodology and the kinetic scheme. as far as lame
speed determination is concerned.

An accurate determination of S also allows an
assessment of the overall reaction order n because
§¢ ~ p"™2-1 Figure 18 shows experimentally- and
numerically-determined values of n as a function of
pressure for stoichiometric methane Zair flames with
various amount of nitrogen dilution. '™ 1t s seen
that n decreases with increasing pressure and ni-
trogen dilution such that it can actually assume
negative values. This behavior is caused by the -
creased relative importance of the three-body ter-
mination reactions over the two-body branching re-
actions with increasing pressure and decreasing flame
temperature.

Concept of Flammability Limits:

Although the term “flammability limit” has been

widely and loosely applied to diverse situations of
; 9T as, 2

unsustainable combustion, ¥ 1 12 the general
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Fic. 17, Comparison between experimentaliv-de-
termined S by using the comnterflow techimgue and
numerically-calculated values by usmg the full €.
kinetics of Warnatz for methane/air flames.
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Fic. 18. Experimentally- and numerically-deter-
mined values of the overall reaction order n for
stoichiometric methane/air flames with various
amount of nitrogen dilution, demonstrating the de-
creasing trend of n with increasing pressure and the
existence of negative values of n.

consensus™® is that the flammability limit of a
combustible mixture should be a unique physico-
chemical property of that mixture, being indepen-
dent of external system parameters. As such, at the
flammability limit all external extinction mecha-
nisms such as conductive heat loss and radical loss
should have been eliminated such that it is truly
the ultimate concentration limit beyond which
combustion is absolutely not possible.

As of now it is not clear what is the role of stretch
in flammability limits. Certainly if the earth’s grav-
ity is counted as an adjunct property of the mix-
ture, then buoyancy induced flame curvature and
thereby stretch can extinguish a flame even in the
absence of heat loss.97-98:119 Fyrthermore it is con-
ceivable that curvature can develop over the sur-
face of a flame in the course of its resistance to ex-
tinguishment. Extinction may eventually occur when
the curvature attains a certain critical value.

One conceptual difficulty with including stretch
as a viable flammability mechanism is the influence
of preferential diffusion. That is, depending on the
nature of the stretch and the mixture’s Lewis num-
ber, flame stretch can either extinguish a flame or
support the propagation of a sub-limit mixture. An
interesting example is the phenomenon'! of “self-
extinguishing flame,” in which an outwardly-prop-
agating flame can be initially established in a sub-
limit Le < 1 mixture because of the enhanced
burning due to preferential diffusion. Extinction
eventually occurs as the flame size increases and
the stretch effect decreases.

Recently the influence of stretch on the extine-
tion of an adiabatic flame has been experimentally
determined®™ by first measuring the extinction
stretch rate of the symmetrical counterflow flame as
a function of concentration (Fig. 14), and extrapo-
lating the data to zero stretch to vield the corre-
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sponding concentration. The values so determined
for lean and rich methane/air and propane/air mix-
tures lie within the previously reported range of
flammability limits containing the effect of
stretch. !> ' Since this range is quite narrow, these
results suggest that the influence of stretch, even
if it does exist, is probably very weak as compuared
to other internal extinction mechanisms.

There are two possible internal extinction mech-
anisms which can cause the failure of the stretch-
less planar flame to propagate, namely radiative heat
loss!?* and the emergent importance of chain ter-
mination over chain branching with the gradual re-
duction of the flame temperature us the flamma-
bilitv limit is approached. Theories of flummability
have been formulated based on heat loss'®*'¥ and
chain mechanism, 2 ' with the theory of Ref. 128
appearing to be quite quantitatively predictive.

Flame-Front Instability:

When a smooth flamefront is subjected to non-
planar disturbances the resulting wrinkles can cither
grow or decay. This is a stretched tlame phenom-
enon because the susceptibility to instability de-
pends on the flame response to the development of
the flame curvature over its surfuce.

There are two intrinsic modes of flamefront in-
stability. The first is the Landau, or hvdrodvnaniic
instability,'® which has its origin from thermal ex-
pansion of the gas upon crossing the flame. The
flame is assumed to be structureless, locally prop-
agating with the constant laminar flame speed S
(Fig. 19a). The gas densities assume constaut but
different values upstream and downstrcam of the
flame sheet. It can then be easily argued”® that upon
being wrinkled the flow ahead of the convex seg-
ment slows down because of widening of the
streamtube. However, since the flame speed re-
mains unchanged, a dynamic imbalance results which
leads to a further protrusion of this flame segment.
Similar argument for the concave segment shows
that it will further recede into the burned mixture.
Thus the flame is absolutely unstable according to
this mechanism, which involves onlv hvdrodynamic
stretch without considering the effect of flame stretch
within the flame structure.

The importance of diffusional transport on flame
stability can be readily appreciated by considermg
the effect of heat and mass diffusion on the ability
of the flame to restore stability (Fig. 19b1. Follow-
ing the same discussion as that for the intensifica-
tion and weakening of the Bunsen flame tips. it is
clear that a Le > 1 flame is stable in that the burn-
ing is more (less) intense in the receding (protrud-
ing) segment, which tends to advance (recede) to
resume its undisturbed position. Similar argument
shows that a Le < 1 flame is unstable. Experi-
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Bumed Gas

Direction of
Flame Movemen

(a)
(Le< 1)
Heat Focused
Reactant Defocused

(Le>1)

OHeat Defocused
Reactant Focused

(Le<1)

Fic. 19. Schematics demonstrating mechanisms of
(a) hydrodynamic instability and (b) diffusional-ther-
mal instability.

mental evidence of the above phenomen. can be
found in Ref. 3.

Sivashinsky® ' has analyzed the diffusional-ther-
mal instability by neglecting thermal expansion.
Analyses allowing for both hvdrodynamic and dif-
fusional-thermal instabilities have also been ad-
vanced by Sivashinsky!®! assuming small heat re-
lease, and by Pelce and Clavin'®® and Matalon and
Matkowsky!™® through multi-scale analyses. These
analyses show that flames are hydrodynamically un-
stable when subjected to long wavelength distur-
bances. At short wavelengths the diffusional-ther-
mal mechanism can either stabilize or further
destabilize the flame, depending on the Lewis
number.

Sivashinsky et al.** have also shown that posi-
tive aerodynamic stretch has a stabilizing influence
on the flame. This effect is further demonstrated in
Ref. 66 for expanding spherical flames.

Concentration and Temperature Modifications in
Flame Chemistry:

The study of fundamental kinetics is sometimes
conducted by employing a particular flame as a
“chemical reactor” fed by the freestream mixture,

which is assumed to react either at the adiabatic
flame temperature or in a temperature environ-
ment prescribed by, say, the one-dimensional lam-
inar flame. Recognizing that some of these flames
suffer stretch, which can cause modifications in both
the mixture composition as well as the flame tem-
perature, failure to account for these modifications
can lead to inaccuracies in the deduced chemical
information. In fact, the need for an accurate de-
termination of S, as discussed earlier, stems from
such a concern. Another example of the concentra-
tion modification is soot formation in flames, '™
as evidenced by the formation of soot streak from
the tip of the Bunsen flame." Studies of polvhed-
ral Hames have also shown substantial composition
variations from the ridges to the vallevs."™ Because
of the nonlinear nature of chemical kinetics. these
cffects obviously will not average out in the bulk.

Modelling of Turbulent Flames:

In a turbulent flow the Ructuating nonunitornt
local velocities impose aerodynamic stretching on
the highly-convoluted flame surfaces. Thus the re-
sults of stretched laminar flames can be applied to
certain situations involving turbulent premixed
flames. The minimum requirement for such an ap-
plication is that the flamelet satisfies the Klimoy-
Williams criterion,®!3® which basically states that
the laminar flame thickness must be smaller than
the Kolmogorov microscale. Peters'! has further
demonstrated that this criterion 1s equivalent to Ka
< 1. Since we have shown that the extinction Kar-
lovitz number, Ka,,, is sufficiently smaller than one.
it seems the criterion for the cxistence of kamina
flamelets can be further tightened to situations sat-
isfving Ka < Ka,,.

The properties of wrinkled laminar lames can be
related to turbulent flame propagation by treating
the wrinkled laminar flame simply as a surface which
locally propagates with the upstream fame velocity
S.. The rates of flame propagation and fuel con-
sumption are then related to the evolution of this
surface duc to the hvdrodynamic stretch of the tur-
bulent flow ficld, with proper allowance for the
variation of S, with the local streteh rate due to
flame stretch.

The propagation of a weaklv-strained. weakh -
wrinkled flame has already been discussed. Flame
propagation in medium- and high-intensity turbu-
lence has recently been analyzed!" 1 iy using the
renormalization group method. Predicted results
agree well with experimental data obtained in high-
Reynolds-number turbulent flows, especially in re-
producing the “bending” effect observed experi-
mentally. 1!

Another application of stretch in turbulent flames
is the flame dynamics in coherent structures.'* The
rolling up of the vortex increases the total surface
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area for burning, although excessive stretching can
lead to extinction in the vortex core.

Stretched Diffusion Flames

Compared to premixed flames, the response of
diffusion flames to stretch is less subtle. First we
note that even in a neutrally-diffusive, stretchless
situation," incomplete reaction, reactant leakage,
and consequently flame extinction are inherent fea-
tures of a diffusion flame with finite rate kinetics.
Furthermore, since a diffusion flame does not have
a flame speed and thereby the extent of flexibility
of & premixed flame to adjust its location in the
presence of convection, convection across the flame
always reduces the residence time for reaction. This
leads to reduced flame thickness, increased reactant
leakage, and consequently increased vulnerability
to extinction.

A stretch factor K can still be defined for a given
non-uniform flow field and a wrinkled flame sheet,
with n pointed opposite to the general direction of
the flow velocity v. Stretch-induced concentration
and flame temperature modifications also exist for
diffusionally-imbalanced mixtures. Preferential dif-
fusion, while still quantitatively important, is only
an additional feature of the flame and does not have
the profound effect on the flame response as in the
case of a premixed flame.

A detailed theory of one-dimensional laminar dif-
tusion flames was formulated by Linan for the
counterflow configuration,' with the assumption
of unity Lewis number. This theory has since been
extended to non-unity Lewis number mixtures. '
Explicit ignition/extinction criteria have been de-
rived as function of the system Damkohler number
which depends on the velocity gradient of the flow,
allowing a priori assessment of the possible exis-
tence of these critical states. A general theory of
stretched, wrinkled diffusion flames has not been
formulated. Modeling of turbulent diffusion Hames
on the basis of laminar diffusion flamelets has been
reviewed by Peters.!!

Summary and Suggestions

Summarizing, the basic phenomena of stretched
flames are mostly understsood, at least qualita-
tively. Effects of stretch can be distinguished as those
caused by hydrodynamic stretch, which does not
affect the flame intensity but changes the flame sur-
face area and thereby the volumetric burning rate,
and by flame stretch, which modifies the flame in-
tensity and can also cause extinction. Preferential
diftusion nteracts strongly with stretch and can
qualitatively affect the flame response depending on

whether the effective mixture Lewis number is
greater or smaller than unitv, and whether the
streteh is positive or negative. The extent with which
the flame can freely adjust its location m response
to stretch, in order to achieve complete reaction,
is also un important factor especially for extinction
considerations. It is further clarified that flume sta-
bilization is an issue of dynamic stability, it 15 nei-
ther a stretched-flame phenomenon nor an extine-
tion phenomenon.

More research, however, 1s sull needed ior coni-
plete understanding and further application of the
stretched flame phenomena. Some of the varous
issues of current interest and importance e

DA nonlinear analysis of the general steetehed
premixed flame, alfowing for flame extmetion
is needed. The formulation can be facilitated by
the observation that Ka,, 1s sufticiently sialles
than one. The analysis should provide turther
insight into the insensitivity of the properties
of the adiabatic. unrestrained, diftusionally -neu-
tral flames to stretch, especially for Lrge stretch
rates.

2) The anticipation that energy conservation can
be satisfied for stagnation and Bunsen flames
by considering tangential transport needs to be
demonstrated.

3) The role played by the preferential diftusion of
reaction intermediates, especially such highlv-
mobile and chemicallv-crucial snecies a< the
hydrogen radical, on the dvimmes of stretehed
flunes requires more detailed studv. Asvp-
totic analysis using reduced kinetic schemes™
appears to be especially suitable for such an m-
vestigation.

4) Numerical modelings of stretched flames. -
pecially those in the counterflow configuration
have employed different flow fields While tlas
is acceptable for quahititne studies, o moe o
alistic flow field is needed when pertornnng
quantitative comparison with eyperimental
data.” The concern is especially senons it th
chemical kinetic mechanism used v also 1o
certain and possibly requires “adjustinent

5) Experimental stretched Dame resuits are fre-
quently reported in terms of the global stretch
rate. This can be quite different from the locul
stretch rate determined Ly using. sav. LDV
Caution is needed when comparing these data
with the theoretical results obtamed by using
local stretch rates.

6) Explicit theoretical formulas have already been

derived for weakly-stretched flames, at least for
one-step reactions. Experimental results. how-
ever, have been scarce. A systematic evpent-
mental effort should be mounted to obtam dat
of high lidelity for stretched flames with post-
tive/negative stretches and different preferen-
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tial diffusion effects, and to correlate them ac-
cording to the theoretical formulas.
More effort is needed to integrate the theoret-
ical results on stretched flames in the modeling
of turbulent flames. Caution is needed to en-
sure overall energy conservation for dittusion-
allv-imbalanced mixtures. Flame interaction,
discussed neat, also needs to be accounted tor
} Most of the studies on stretched flames have
cmploved a solitary flame, which is either pre-
mixed or nonpremixed. However, in the inte-
rior of a turbulent flame, the individual
melets interact with each other. Partial
premixing also occurs, resulting in partially
premixed flames. Some research has been con-
ducted on these issues,*> ™71 byt more is
needed.
The existence of flammability limits needs to be
settled. It they indecd exist, then a general
theory of flammability limits is needed. Fur-
thermore, since a sub-limit mixture can be ren-
dered flammable, through either flame stretch
and/or flame interaction, the absolute signifi-
cance of flammability limits also has to be as-
sessed.
10 A general theory of stretched diffusion flames
is needed. :
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Nomenclature
a strain rate of stagnation flow
A arca of flame surface
B trequencey factor
Cp specilic heat
Da Damkohler number
D diffusivity
k reaction rate constant

K streteh rate (see D

Ka Karlovitz aumber

L. loss parameter

Le Lewis number

m mass burning rate per unit arca

n overall reaction order

n unit normal vector

» pressure

q heat of combustion

R, rudial dimension of ame

t thne

TT temperature and stoichiometricallv-weghited
T

T, activation temperature

T adiabatic flame temperature

u.u How velocity

\Y flame velocity

Wi reaction rate of kth reaction

Xy spatial coordinate

Y.Y mass fraction and stoichiometricalls -

weighted Y

Greeks

B coupling function

) thickness of various flame zones

A thermal conductivity

b equivalence ratio

P density

i geametry factor for stagnation flow
] angle of Bunsen cone

Subscripts

B hlowoft

D.HR Transport. hvdrodviamic, reaction zones
MT species and thermal difftusion zones
ex extinetion

! flune

1) index for species

w.l unburut and burnt states of minture
s surfuce, especially Hames

* ambienee

Superseripls

0 the adiabatic. unstretehed planar flame
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VELOCITY AND SCALAR FIELDS OF TURBULENT PREMIXED
FLAMES IN STAGNATION FLOW

P. CHO anp C. K. LAW

Department of Mechanical Engineering
University of California
Davis CA 95616

R. K. CHENG anp 1. G. SHEPHERD

Applied Science Division
Lawrence Berkeley Laboratory
Berkeley, CA 94720

Detailed experimental measurements of the scalar and velocity statistics of premixed meth-
ane/air flames stabilized by a stagnation plate are reported. Conditioned and unconditioned
velocity of two components and the reaction progress variable are measured by using a two-
component laser Doppler velocimetry technique and Mie scattering technique, respectively.
Experimental conditions cover equivalence ratios of 0.9 and 1.0, incidence turbulence in-
tensities of 0.3 to 0.45 m/s, and global stretch rates of 100 to 150 sec™. The experimental
results are analyzed in the context of the Bray-Moss-Libby flamelet model of these flames.
The results indicate that there is no turbulence production within the turbulent flame brush
and the second and third order turbulent transport terms are reduced to functions of the
difference between the conditioned mean velocity. The result of normalization of these rel-
ative veleocities by the respective velocity increase across laminar flame suggests that the
mean unconditioned velocity profiles are self-similar.

Introduction

In a recent paper' we introduced the use of the
turbulent stagnation flow configuration for funda-
mental studies of premixed turbulent flames. The
turbulent flame propagates in the divergent stag-
nation flow region of a turbulent fuel/air jet im-
pinging on a plate. Depending on flow and mixture
conditions the flame brush is stabilized at various
distances away from the plate surface where the
mean velocity balances the turbulent flame speed.
Consequently, flame stabilization is achieved with-
out involving flow recirculation as in the conven-
tional V-flame and conical flame configurations.
Moreover, at the centerline, the turbulent flame
brush is planar and locally normal to the approach
flow so that the turbulent flame speed can be de-
duced unambiguously from the flow velocity enter-
ing the reaction zone. Therefore, this configuration
provides a convenient and more accurate means to
deduce the turbulent flame speed.!

The most significant theoretical implication of this
configuration, however, is that it is the closest ex-
perimental approximation to the idealized one-di-
mensional infinite planar flame assumed in many
theoretical turbulent combustion models. 2 Bray,
Champion and Libby* (BCL) recognize that a the-

oretical analysis for the infinite planar flame is lim-
ited because the idealized situation cannot be pro-
duced in the laboratory. As a result, they have relied
on a comparison of their theoretical predictions with
experimental measurements made in 2D oblique
flames. Although these comparisons have been suc-
cessful in validating many features of the model, it
is however difficult to ascertain whether the dis-
crepancies between predictions and measurements
are caused by variations of the flame properties not
accounted for in the theory, or by the actual de-
ficiencies in the theory. Hence, encouraged in part
by our experimental work, they have recently ini-
tiated the modeling of the stagnation flow stabilized
flame so that a more direct and compatible com-
parison can be made between theoretical and ex-
perimental studies. Their first analysis® is for the
case of flames stabilized in two opposed jets and
closure is achieved by the use of conventional gra-
dient transport. Subsequent studies® will model the
turbulent transport using the Bray-Moss-Libby
(BML) flamelet concept which assumes infinite rate
chemistry and zero flamelet thickness.*

The stagnation flame configuration is also signif-
icant for other numerical models of turbulent com-
bustion, such as the joint probability density func-
tion (jpdf) method developed by Pope®® and a
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deterministic model for simulating the interaction
of the flamelet with incident turbulence using the
vortex dynamics technique.” At present, the jpdf
model is capable of predicting the turbulent flame
speed and other properties similar to those calcu-
lated by the BML model. Vortex dynamic simula-
tions of the stagnation flames compute the dynamic
movement of the wrinkled flamelet and also predict
the conditioned velocity statistics. This configura-
tion is, therefore, important for the further devel-
opment of fundamental experimental and theoreti-
cal turbulent combustion research.

Since very little is known about the behavior of
the stagnation flow stabilized flames, it is necessary
to improve our understanding of their fundamental
properties through detailed experimental measure-
ment of the scalar and velocity statistics. These ex-
perimental data will be uscful in the development
of theoretical models for this configuration. In re-
sponse to such a need, we report herein results from
an investigation of the scalar and velocity statistics
which provide further characterization of the flame
properties. Measurements were made of the con-
ditioned and unconditioned velocity of two com-
ponents and the reaction progress variable ¢, a
nondimensionalized scalar. Features of the mean and
rms velocity profiles significant to modeling are dis-
cussed. In addition, implications for the closure re-
quirements of the third order turbulence transport
are also considered.

Experimental Methodology

A uniform axisymmetric flow of premixed meth-
ane/air is provided by a 50 mm diameter nozzle.
This jet of reactants is shielded by a co-flow of air
with outer diameter of 100 mm. For this study, the
stagnation plate is placed at 75 mm above the exit,
and the exit flow velocity is held constant at 5.0
m/s. The incident turbulence is generated by plac-

ing at 50 mm upstream of the exit a square gnd of

1.0 mm elements with 3.0 mm openings or a per-
forated plate with 3.2 min diameter circular holes
hich gives a 40% blockage ratio. Mixture and flow

conditions of the four flames are listed in Table L
The turbulence Reyunolds numbers and Damkéhler
numbers determined at the nozzle exit indicate that
these flame fall within the wrinkled laminar flame-
let regime (Table 1).

Flow velocities are measured by a four-beam two-
color laser Doppler velocimetry (LDV) svstem which
measures the velocity of the two components using
a 10 psec co-validation criterion. Details of the LDV
system and the computer controlled data acquisi-
tion svstem can be found in Ref. 1. Seeding tor
unconditioned velocity measurement is provided by
refractory aluminum oxide particles of .3 wm -
troduced into the jet by a evelone seed generato
Conditioned velocity measurement i the reactant
side is made possible by using a silicon oil acrosol
as the LDV seed. The technique is based on the
principle that the silicon oil droplets evaporate and
burn through the flamelets. A blast atomizer is used
to generate the aerosol. At each measurement po-
sition, 8192 pairs of validuted velocity data are o
corded. To deduce the conditioned velocity statis-
tics in the products, a procedure which involves
deconvoluting the velocity pdf’s as deseribed
Cheng and Shepherd® is used.

The silicone oil seeding technique is also used
for measuring the conserved scalar, ¢ Iy momtor-
ing the Mie scattering intensity using a photomul-
tiplier and lens assembly. Within the flame brush.
the Mie scattering signal resembles a random tel-
egraph signal with sharp transition between the sig-
nal levels representing the reactant and product
states. By specifving a threshold criterion. the local
value of the conserved scalar is determined by eval-
uating the percentage of the time spent in the
products. Using the zero thickness flamelet approx-
imation, the conserved scalar so determined is
identical to the normalized density ip = p,/ip, —
pp), where pis the mean density and subscripts r
and p denote reactants and products. The Mie scat-
tering signal can also be analvzed to obtain other
time dependent scalar parameters such as the scalar
spectra. flame crossing frequenay” and pdfs of the
flame passage times.'® The turbulent flae brush
thickness is obtained from the distance between the

TABLE |
Mixture and flow conditions

Length Stretch
Turbulence u' scitle rate &, 3, s,
Case # generator wemy/s) ommn) see D V) Re, Da anmt ot emy/se
1 gnd 30 2 145 1.0 38 20 58 012 Y3
2 grid 30 2 115 0.9 38 14 1.4 014 60
3 plate 45 3 110 1.0 87 20 10.4 012 135
4 plate 45 3 100 0.9 87 14 53 014 120
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two points on the axial scale intersected by the tan-
gent to the ¢ profile at ¢ = 0.5.

Results and Discussions

As reported in our previous study, tvpical flow
velocities in the flame region are of the same order
of magnitude as the turbulent flame speed. These
velocities are lower than those of the other axisym-
metric or plane-symmetric flame configurations in
which the velocity of the flow entering the flame
region is about the same as that of the freestream.
Therefore, it becomes necessary to determine
whether or not the models developed for high Rey-
nolds nuinbers are still valid for the stagnation
flames. The two criteria for the models are that Re,,
the turbulent Reynolds number based on the in-
tegral length scale and velocity fluctuations, and Da,
the large eddy Damkéhler number, are both much
large than unity. Although these conditions are sat-
istied at the exit, it is important to determine if the
turbulence scales change close to the plate.

Shown in Fig. 1 are the profiles of the time scales
of the non-reacting stagnation point flow, t,, ob-
tained from auto-correlations and the associated
length scale, I, deduced by Taylor's hypothesis for
case #1. The length scale is relatively constant ex-
cept at x < 10 mm where a decrease is found. This
decrease seems to be an indication of the break-
down of the Taylor’s hypothesis in the low velocity
region. Similar features are also found in the tur-
bulence generated by the perforated plate. Al-
though it is not possible to deduce the integral
length scale for the transverse component, the time
scales show that the grid generated turbulence is
isotropic whereas the turbulence generated by the
perforated plate is slightly anisotropic with smaller
transverse integral time scales, The result that both
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Fic. 1. The time scales of the non-reacting stag-
nation flow, t,. obtained from auto-correlation and
the associated length scale, Ix, obtained by Taylor's
hypothesis.
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the length scale and the velocity fluctuations are
constant’ demonstrates that the flow criteria for
current turbulent combustion models are satisfied
even close to the stagnation flame region.

The mean centerline axial profiles of the condi-
tioned and unconditioned velocities for case #1 are
shown in Fig. 2. Also shown is the profile of the
reaction progress variable. It shows that the reac-
tant boundary of the flame zone, as indicated In
the position where ¢ deviates from zero, occurs at
the minimumn of the unconditioned velocity profile
This provides an experimental validation of vur pre-
vious method of determining Sy where the min-
mum velocity was equated to the turbulent flame
speed.!

The turbulent flame brush thickness. 85, de-
duced from the ¢ profiles is listed in Table 1. Also
listed is the corresponding laminar flame thickness,
5., based on the definition of Zeldovich.'! The ra-
tio between the turbulent and laminar flame thick-
nesscs is a significant parameter in the BML model
which assumes infinite rate chemistry. Studics
turbulent V-flames and Bunsen flames have shown
that at positions close to the stabilization region. the
zero thickness flamelet assumption is not vahid be-
cause the density pdf’s show appreciable contribu-
tions from the intermediate burning states. These
conditions are satisfied only at positions farther away
because the tlame brush thickness increases almost
linearly with downstream distance. In contrast, since
the stagnation flames do not have recirculating sta-
bilization regions, the flame brush thickness re-
mains relatively constant along the flame front.
Therefore, the process of choosing a location suit-
able for comparison with theory is not encountered.
Moreover, the smallest turbulent/laminar flame
thickness ratio of 30 (case #2) indicates that the zero
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FiG. 2. Mean centerline axial profile of the con-
ditioned and unconditioned velocities for case #1

(b = 1 and «' = 40 em/s). Inset: profile of the
reaction progress variable.
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thickness flamelet approximation is valid for tur-
bulent stagnation flaines presently considered.

Another important aspect of the scalar ficld is the
heat transfer to the stagnation plate. Since the plate
is made of brass, the turbulent flame may be influ-
enced by heat loss trom the flame zone. To inves-
tigate the possible eflect of heat loss, thermocouple
measurements were made of the plate temperature
and the thermal boundary laver over the plate. The
results for case #4 show that, although the plate
temperature is only 1500 K, the thermal layer
thickness is about 3.0 mm, which is smaller than
the standoft distance of the flame brush. This in-
dicates that the wall effect is contined within the
product region and is not expected to have any di-
rect influence on flame propagation.

The features of the unconditioned axial velocity
profile (Fig. 2) are typical of those measured in the
stagnation flames as reported earlier.’ The uncon-
ditioned velocity profile shows three distinct re-
gions. The first region extends from the cxit of the
nozzle to the upstream boundary of the turbulent
flame brush. It is characterized by a steadv de-
crease in the axial velocity due to the divergence
of the cold. unreacted flow. The global stretch rate
imposed on the flow is given by the mean velocity
gradient in this region. The second region is char-
acterized by a rapid increase in velocity, indicating
flow acceleration due to combustion heat release.
The third region is where the product stream is again
decelerated by the presence of negative pressure
gradient and the flow is eventually breught to rest
at the stagnation plate.

The upstream stretch rate, a, determined from
these profiles (Table 1) shows that the use of the
grid tends to produce a slightly higher upstream
stretch rate. This global stretch rate is of the same
magnitude as the local streteh rate on the flamelets,
which can be estimated by u' /I, However, studies
on laminar flames' have shown that such small
streteh rates have minimal effect on the local burn-
ing rate.

Within the flame zone, the unconditioned mean
velocity increases to form a "hump™ at the product
houndary as shown in Fig. 2. As discussed previ-
uu\l_\pl this increase is due to intermittent mea-
surement of the conditioned velocities, U, and [',,.
The relative velocity between the conditioned mean
velocities, AU = U,, - U,. which is referred to as
the slip velocity in the BML model, is a major con-
tributor to the unconditioned fluctuations and the
second. and third order turbulent transport terms.
The cause of the so-called counter gradient scalar
transport is a direct result of the fact that AU is
positive in most flames. Shown in Fig. 3 are the
four AU profiles plotted against ¢ obtained in this
studv. The data are normalized by the increase in
velocity Au = Sp (1 — 1) across a planar uminar
fame where 118 the reactant/product density ratio.
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It can be seen the AU's are abmost constunt and
their values are about half of those of Au. Previous
measurcments of this ratio in V-flames and conical
Bunsen flames have shown that they are indepen-
dent of ¢ though they are gencrally lower than unity.
As discussed by Cheng et. al..'? flow divergence in
the products and random flow deflections due to
the wrinkled flame could lower this ratio. How-
ever, the observation of constant AU/Au ratio for
different conditions in the stagnation flames is quite
encouraging because it implies that the conditioned
and unconditioned velocity profiles may be selt-
similar. This teature of the stagnation lanie probiles
is anticipated to facilitate the modehng of these
flames. At present, similarity variables for the dis-
tance fram the plate surface is proposed n BCL
The proper means to nondimensionalize the veloe-
ity, however, requires further studies.

The conditioned and unconditioned rms fluctua-
tion profiles for the axial and transverse compo-
nents are shown in Fig. 4. The peak shown in the
unconditioned u’ profiles (Fig. it represents con-
tributions from AU. The more significant teatore.
however, s that the two asial conditioned rins fhae-
tuations are almost equal. This suggests that there
is no flame generated turbulence we the aaal di-
rection. The lack of a peak in the ¢ profiles s due
to the fact that the transverse component of the
relative velocity is zero. The difference m the con-
ditionea fluctuations, v, — ¢,/ is slightly higher at
positions close to the product boundary than those
shown for the axial component. Recent analvsis of
turbulence production across turbulent flamelets have
shown that the increase in turbulence is associated
with vorticity production.” Vorticity production i
expressed by the baroclinie term which is the eross
product hetween the pressure gradient normal 1o
the flamelet and the local lame corvature dne to
streteh. In the stagnation flame the adverse mean
axial pressure gradient mav, by reducme the mag-
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nitude of the baroclinic term, suppress production
of vorticity. It is, however, important to emphasize
the tentative nature of this interpretation, pending
further experimental evidence and theoretical anal-
Vsis.

The lack of significant flame generated turbu-
lence, in particular in the axial fluctuations, also has
a significant impact on the modeling of the third
order turbulent transport terms. For example, the
turbulent diffusion of scalar is modeled® as

pt "26‘"

= &1 - (0, ~

- U )2[62

P
+ (1= 0%~ u+ u?

the turbulence flux is

o o
— = - AU, — U2 + (U, — UF + u/)

E3(0, ~ Upu® + (U, = 0P + %)

where

&0, + (1 - 80,

(@)

These sub-models consist of contributions from
Al the difference in the conditioned turbulence

intensities, and the third order terms. However, a
the conditioned velocity pdfs are essentially Gaus-
sian, these third order terms may be neglected.®
In previous theoretical studies, Bray et al? used
an empirical constant to relate the increase in the
conditioned velocity fluctuations. To study the rel-
ative contributions from the two terms. the ratios
(u;,2 u!?)/(AU)? and (L'z /AU are plotted
in Fig. 5. As can be scen thc magmtudu ()f thuc
ratios are very small, although (v)? ~ ¢:2)/(AUY
tend to be slightly higher than (u,, ~uwh/lavy
for cases #3 and #4. The lack of significant tur-
bulence production by the flame suggests that all
the third order transport can be modeled simply by
considering the contributions from the relative ve-
locity AU. This again simplifies the modeling
scheme.

Concluding Remarks
Reported in this paper is a detailed experimental

investigation of the characteristics of the velocity and
scalar fields in stagnation flow stabilized premixed
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turbulent flames. This relatively new turbulent tlame
configuration is considered to be well suited for di-
rect comparisons between experimental and theo-
retical predictions. The measurements include con-
ditioned and unconditioned velocity statistics of two
components, and the profiles of the mean reaction
progress variable which is identical to the normal-
ized density in the limit of zero thickness flamelet
assumption. The turbulence Reynolds numbers and
Damkashler numbers for the four methane/air flames
indicate that these flames are within the wrinkled
flamelet regime. The experimental results are ana-
lvzed to provide insight which will assist in the de-
velopment of the Bray-Moss-Libby flamelet model
for these flames.

For all the flow and mixture conditions consid-
ered here, the relative velocity AU between the
reactants and products, i.e. the difference in the
conditioned velocities is constant across the flame
brush. Moreover, the relative velocities, when nor-
malized by the velocity increase, Au = S; (v — 1),
under laminar condition, have the same value. This
suggests that the mean unconditioned velocity pro-
files across the flame region are self-similar. These
characteristics, if confirmed by more extensive
studies, would greatly simplifv the modeling of the
complex turbulent tlame flow field.

Within the flame brush. the conditioned turbu-
lence intensities for the axial and transverse veloc-
ity components are about equal and constant. That
is. the stagnation flames do not create additional
turbulence. This is quite different form the results
obtained in oblique flames where flame generated
turbulence occurs. The most important implication
to modeling is that all the second and third order
turbulence transport terms are reduced to tunctions
of the relative velocity AU. This again implies self-
similarity of the turbulence and transport proper-
ties.
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COMMENTS

A Ghonienm. MLT. USA. Wiy did vou expect
turhudence generation in this stagnation-point flame?
Are not the density and pressure gradients almost
aligned m this case especiallv: when you consider
that the thermal expansion in the radial direction
s almoat enongh to balance the hdrodyvnamic pres-

sure?

Author’s Reply  For other prennved trbalence
Hames icego v-Hames or Bunsen flaes - tinbulence
production s shown by mereases m the conditioned
rms fluctuations in the product zoues. The lack ol
increase observed here indicates that the centerline
of the stagnation flow stabilized flames s an excep

tion. Whether or not this is due to the sizmificant




TURBULENT PREMIXED FLAMES IN STAGNATION FLOW

streamtube divergence as suggested would require
the support of data obtained away from the cen-
terline. In particular, measurements made along
flowlines (see Cheng, et al., 22nd Combustion
Svimposium) would be most useful.

S. N. B. Murphy, Purdue Univ.. USA. A turbu-
lent flow is governed by rather restricted similarity
considerations at a stegnation point. What is the basis
tor the choice of curvature in the experiments? Are
there any data to mndicate an acceptable curvature
for burning rate determination?

Author’s Reply. As mentioned in our previous pa-
per (Cho et al. 2lst Symposium, p. 1493) the cri-
terion for the plate curvature was to enable the LDA
probe to measure flow velocities within 3.0 mm from
the plate surface.

At the centerline of the stagnation flow, the only
effect of the plate curvature may be the overall
streteh rate. This overall stretch rate can be de-
from the
question regarding the “acceptable” runge for the
curvature s related to the issues concerning the ef-
lects of overall stretch on flame propagation. Per-

duced velocity profiles. Therefore, the

haps the effects of stretch can be studied by vary-

9]

ing the plate curvature m contrast to varying the
separation distance between the plate and the noz-
zle exit.

T. A. Baritaud. Institut Francais du Pétrole.
France. You see that u' remains unchanged when
crossing the flame front, when U is increased due
to the expansion of the gas. Hence, pu.’ is almost
instantaneously transformed in a quantity p,’ much
smaller. Where is this turbulent kinetic energ.
going: increse of the dissipation, effect of the pres-
sure gradient, transfer to the other velocity com-
ponents . . .7

Author’s Reply. A< shown in Fig. 4. some of the
turbulence kinetic energy is being transferred to the
v component. Nevertheless, the total kinetic en-
ergy after weighing by the local density is indeed
smaller. This is true for most premixed turbulent
flames. The present situation may be an extreme
case where the effects of streamtube divergence are
also significant. As mentioned in the answer to Prof.
Ghoniem. conclusions regarding the turbulence
production in these flame can only be drawn by
comparing measurements made along off-center
flowlines.
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PREFERENTIAL DIFFUSION AND CONCENTRATION MODIFICATION
IN SOOTING COUNTERFLOW DIFFUSION FLAMES

R. L. AXELBAUM anp C. K. LAW*
Department of Mechanical Engineering
University of California
Davis, California 95616

W. L. FLOWER
Combustion Research Facility

Sandia National Laboratory
Livermore, California 94550

An experimental investigation has been conducted on the influence of the mobility of inert
additives on soot formation in propane and ethylene counterflow diffusion flames. Inerts used
were helium, neon, argon, or krypton, and the results show that while the mobility of the
inert has practically no effect when a small amount of inert is added to the oxidizer side.
the influence is significant when added to the fuel side in that krypton, being the least
mobile inert, yields the greatest soot loading while helium, being the most mobile, yields
the least. By relating the spatially-resolved soot volume fructions to the corresponding profiles
of temperature, velocity and species concentrations, it is demonstrated that this influence on
soot loading is likely caused by concentration modifications of the fuel and the soot precursors
due to the different mobilities of the inert additives.

Introduction

Flame phenomena are strongly influenced by the
diffusive processes of the reactants. Since the dif-
fusivities of the various species in a gaseous mixture
are in general not equal, it is reasonable to expect
that the local reactant concentration will be depen-
dent on the extent with which the diffusivities dif-
ter. This concentration modification through pref-
erential diffusion can in turn affect the flame behavior
from that anticipated based on the freestream con-
centrations. Indeed, there exist many flame phe-
nomena which can only be satisfactorily explained
on the basis of preferential diffusion. For premixed
flames, we cite the earlier works of Refs. 1 and 2
and the recent advances as summarized in Ref. 3.
The amount of research on nonpremixed flames,
however, has been less; some recent contributions
include analyses*® and experiments® on flame ex-
tinction.

The objective of the present work is to study the
effect of preferential diffusion and thereby concen-
tration modification on an important nonpremixed
flame phenomenon in which diffusive transport and
chemical kinetic processes are inherently coupled,

*Present address: Department of Mechanical and
Aerospace Engineering, Princeton University,
Princeton, NJ 08544

namely soot formation when inerts of different dif-
fusivities arc added to either the fuel or the oxi-
dizer stream.

That diffusional stratification may influence the
soot formation process can be demonstrated by the
following experimental anomaly: In his study of the
influence of the various diluents on the soot for-
mation process. McLintock” varied the inert dilu-
ent on the oxidizer side of an ethylene coflow flame
and found that the smoke points decreased in the
order of helium, nitrogen and argon. That is, the
propensity to soot was least when the oxidizer dilu-
ent was helium and greatest when the diluent was
argon. With the heat capacities of argon and he-
lium being the same, it was reasoned’ that the dif-
ference was due to the high diffusivity of helium,
causing the concentration of helium to bhe greater
within the flame.

An o wosite result, however, was reported by
Schug e« al.,* who found that when helium was
added to the fuel side of an ethvlene coflow dif-
fusion flame, it was not as eflective as argon in sup-
pressing soot. In fact, helium was the least effective
additive for soot suppression. This behavior was at-
tributed to helium’s high thermal diffusivity and its
subsequent effect on the temperature distribution
and thereby the fuel pyrolysis rate.

While Refs. 7 and 8 have respectively used con-
centration modification and temperature modifica-
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tion to interpret the different trends of their re-
sults, it is of interest to note that these observations
can alsv be explained, in a consistent manner, as a
consequence of either concentration modification or
temperature modification alone. For example, by
using the temperature modification interpretation,
the diflerence in the results for helium could be
solely a consequence of the broadening of the tem-
perature distribution due to helium.” That is, when
helium is added to the oxidizer side. the broadened
temperature distribution has a greater influence on
the rate of particle burnup and a lesser influence
on the rate of soot formation, implying that helium
would be an effective soot suppressor relative to ar-
gon. On the other hand when helium is added to
the fuel side, the temperature broadening would
promote the soot formation rate but not the burn-
up rate, implying that helium would be less effec-
tive in suppressing soot.

We next adopt the alternate viewpoint that con-
centration modification could be the physical mech-
anism responsible for the anomalous results for he-
lium. Recognizing that helium is more mobile than
argon, it is dear that when the inerts are added to
the fuel, helium will be defocused to a greater ex-
tent than argon due to the compressive, concave
curvature of the co-flow flame.® Consequently, in
all but the lowest regions of the flame, the tuel
concentration of the helium-diluted mixture will be
higher than that of the argon-diluted mixture, im-
plving that the tormer has a greater propensity to
soot. By applying the same reasoning to the oxi-
dizer side, and recognizing that helium is now to-
cused to a greater extent due to the convex flame
curvature, the fuel concentration with the helium-
diluted oxidizer will be relativelv lower, implving
that the propensity to soot is reduced.

In order to turther understand the relative influ-
ences of temperature modification versus concen-
tration modification on the soot formation process.
we have adopted an entirely different flame config-
uration to study the soot response to inert addition.
The flame configuration is that of the counterflow
diffusion flame. The rationale for such a chaice is

that in this flame/flow configuration the eflect of
concentration modification is opposite to that of

temperature broadening, thus allowing unambigu-

ous conclusions to be drawn regarding the effect of

preferential diffusion. We shall amplify on this point
later in the discussion of the experimental results.

In the next section the experimental methodol-
ogy and arrangement will be specified. This is fol-
lowed by presentation and discussion of the ex-
perimental results.

Experimental Specifications

In this study the countertlow diffusion flame es-
tablished in the forward stagnation region of a4 po-

rous oy linder has been used. The fane s amenable
to light scattering and extinetion measureimnents and
does not sutter from the complication of oxidize
cutrainment at the rim as with jet (co-flow: lames
Measurements are taken along the torward stagna-
tion streamline, which is w hine of svinmetn

The burner apparatus is similar to that used by
Vandsburger et al.'” and has been described in de-
tail in an earlier work.!! Briefly. it consists of « po-
rous cvlinder mounted horizontally in u vertically
oriented wind tunnel that has a uniform veloats
profile across its test section. The cvlinder 1
mounted to a vertical translator which allows it to
be moved in the streamwise direction. The oxidizer
gas is supplied by the wind tunnel while the fuel
gas is cjected from the porous cvlinder. The ovl-
inder is composed of a sintered stainless steel tube
with an outside diameter of 2.5 cmi, a length of 5
em, and is cooled uniformly along its axis.

The fuels used are commercial grade ethvlene and
instrument grade propanc. The inerts used are
krypton, argon, neon and helivor,

Temperature measurements are obtained with
silica-coated Pt/Pt-12%Rh thermocouples. The wire
diameters used are 0.076 mm for the diluted-pro-
pane flames and 0.127 mm for the diluted-ethvlene
flames as well as flames where the composition of
the oxidizer inert is varied. The smaller thermo-
couple is preferred becanse it offers less distin-
bance to the flame and less measurement error due
to radiation loss. However, the temperatures w these
latter flames are high enough that the thinuer thar-
maocouple would melt. thus necessitating the wse of
the thicker thermocouple.

Soot measurements are obtained by uasing stan-
dard light scattering and extinction techuiques with
an apparatus and procedure identical to those of
Flower and Bowman'? and described in greater de-
tail in Ref. 11. Soot volume fraction is obtained trom
the Lambert-Beer law for light extinction with the
assumption that the soot particles behave as spher-
ical Ravleigh scatterers and have a comples refrac-
tive index of i = 1.57-i0.56. The soot volume trac-
tion is assumed uniform over the length of the
burner. with no correction for end effeets. Since thes
work is concerned with relative changes instead of
absolute values, the Ravleigh assumiption is aceept-
able.

Gas sampling of the stable species i pertormed
with an uncooled. quartz microprobe designed with
the enterion of Fristrom and Westenbere o al
low for sampling in the sooting region of the tlame
a probe was designed with an internal planger® that
allows soot build-up at the probe onfice o he e
moved periodically. The ontice diameter s 70 pan
and, to ensure that reactions are quenched. sam-
pling i conducted at presseres such that the How
through the onfice s choked The cas sonples are
obtained by bateh samplng nto evacnated vessels
and the gas analvsis is performed by gquantitatine
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inass spectrometry. Since batch sampling is used,
data are not available for water and results are re-
ported on a dry basis.

A standard single-component, laser-Doppler ve-
locimetry (LDV) system is used to measure the ve-
locity component along the torward stagnation
streamline. Measurements are made in the forward
scattering mode, without frequency shifting. Alu-
minum-oxide seed particles of 0.05 wm nominal di-
ameter are supplied on the oxidizer side.

The soot loading of the propane diffusion flame
in air is too low to measure extinction accurately.
To increase the soot loading of propane flames the
oxygen volumne fraction in the oxidizer is increased
from 0.21 to 0.25. with the balance being nitrogen.
Ethvicne flames do not require enrichment and their
oxvgen concentrations are maintained at that of air.

For the experimental conditions in this study the
tlame location is a few millimeters on the osidizer
side of the stagnation point (Fig. 1). The soot for-
mation and growth region lies between the tlame
and the region of the stagnation point. A conse-
quence of this is that it is the flow field on the
oxidizer side that is of primary importance for res-
idence time considerations. Therefore, the up-
stream velocity of the oxidizer is maintained at 38
cm/s for all studies.

An additional consideration is the gas flow ejected
from the burner. Two approaches are used in this
study. One is to maintain the volumetric low rate
of the fuel constant. In this case the addition of gas
to the tuel increases the ejection velocity from the
burner. The other approach is to maintain the fuel

porous
cylinder
fuel and inent

t'ame

stagnation point
so0t formation

and growth zone
stagnation streamhing

oxidizer and nern

Fie. 1

lame established in the forward stagnation region

Cross section of the counterflow diffusion

of a porous evlinder.

cjection parameter constant.'® The fuel cjection pa-
rameter defined for variable gas density s f,
—(Pute/pelikv,) P where p, and v, are the gas
density and velocity at the burner surface. p, and
ve the freestream values of density and kinemate
viscosity for the oxidizer. and x the characteristic
velocity gradient defined as x = 2UL/R. with U,
being the freestream velocity of the oxidizer and R
the burner radius. The fuel ejection parameter de-
fined in this way allows flow similarity to be main-
tained even when variable density inerts are added.
Only results for constant fuel ejection parameter. f,
= —3.0, will be presented herein because main-
taining flow similarity allows for an interpretation
based on distance from the burner. It is of interest
to note that the results were found to be indepen-
dent of whether fuel flow rate or fuel ejection pa-
rameter is held constant.

Results and Discussions

As discussed in the Introduction, both concen-
tration modification and temperature broadenmg will
yield similar trends for inert addition to the coflow
flame. Theretore it is diflicult to determine with the
coflow flame which. if either. mechanism 1 the
dominant cause for the observed trends. This s not
the case with the counterflow diffusion Hame By
referencing Fig. 1 it can be seen that the tfuel
reaches the flame by diffusing across the stagnation
plane into the oxidizer side. The streambimes on hoth
the fuel and oxidizer sides of the stagnation plane
are such that lighter species. which can more casily
diffuse across the streamlines. will preferentially ac-
cumulate in the region of the stagnation strcamline,
while heavier species will be preferentially swept
away. Consequently, when helium is added to the
fuel, concentration modification should lead to a re-
duction in fuel concentration and, thereby, a cor-
responding reduction in the soot loading as com-
pared to the situation of adding argon to the fuel

We further note that soot burn-up does not oc-
cur in the forward stagnation region ol the coun-
terflow diffusion flame. Therefore, if helinmy addi-
tion were to broaden the temperature distnbution
the effect would be to increase the soot Joading as
based on the reasoning of Ref. 8 discassed i the
Introduction. Thus. in the counterflow diffusion
flame, the effect of concentration modification 1
opposite to that of broadening of the temperature
distribution and we can compare the relative -
portance of the two mechanisms for this flame

In addition to hebum and argon we have also osed
neon and kevpton for diluents in this study. Al di-
luents are theretore completely inert and since thes
are monatomic and have the same heat capacity,
they should hase a smilar influence on the nu-
mum flame temperature.

The soot volume fraction drops oft around the
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stugnation paint because of the inability of the sow
particles to propagate past the stagnation pomt into
the tuel side see Fig. 1. Data in this region have
been suppressed as they are not relevant to this
work.

The soot volume fraction distributions along the
stugnation streamline for the propane/inert mix-
tures are plotted in Fig. 2. The curves show a strong
relationship between the mobility of the inert and
the maximum soot loading for the flame. Krypton,
being the least mobile inert, vields the greatest soot
foading (0.52 x 10™% while helium, being the most
mobile. vields the lowest soot loading (0.26 x 107,

The results for inert addition to ethvlene. shown
in Fig. 3, display trends similar to those of the pro-
pane flames in both their relationship to the inert
mobility and in the extent of the change m soot
volume traction. the soot loading increases with de-
creasing inert mobility, and the maximum soot vol-
ume fraction of the krvpton-diluted flame is about
twice as high as that of the helium-diluted flame.

The above results indicate that the soot loading
varies with the mobility of the inert added. To de-
termine whether the priman cause for the change
in the soot loading is indeed modification of the fuel
concentration, we have determined the tempera-
ture, veloaty. and species concentration profiles for
these flames.

Figurc 4 shows the temperature distributions,
uncorrected for radiation losses, for the propane/
mert mixtures. The oxvgen concentration for the
temperature measurements is that of air, or 21 per-
cent by volume, as compared to 25 percent for the
soot volume fraction measurements. While the trends
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in maxhnum temperature and temperature distr-
bution will not be atfected by the lower onvveen
concentration. the soot loadimg v mnch reduced
Counscequently, the accuracy and reprodoaibihitn of
the measurements are greath nnproved due to the
tact that soot build-up on the thermaocouple i less

The maximum flame temperatures measured show
slight increases with decreases in the mobility in-
creases in the molecular weight) of the inert. kryp-
ton vields the highest temperature (1641° C). he-
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lium the lowest (1607° ), with a difference of 34° C.
The temperature profiles are similar with no sig-
nificant broadening for the lighter inerts.

One may ask, at this point whether the 34° C
difference in the maximum measured temperature
seen in Fig. 4 could account for the two-fold dif-
ference in soot loading. The influence of this tem-
perature difference has been investigated by vary-
ing the flame temperature in such a way that the
reactive species concentrations are not affected. !
The results show that even with a 43° C increase
in the maximum measured temperature the soot
loading mcreases by only 13%.

For the diluted ethvlene flames the maximum
flame temperatures were measured and were found
to be within 20° C for flames diluted with cach of
the tour inerts. Considering this along with Fig. 4
it is reasonable to expect that temperature effects
have onlv a minor role in explaining how the inerts
are wfluencing the soot volume fractions.

We next note that there is the possibility that
the velocity fields vary for the different flames and
conscquently the residence times are not similar.
Since the soot formation and growth region lies
nominally between the flame and the stugnation
point. it is the velocity field in this region that in-
fluences the residence times of the soot particles.
Figure 5 is a plot of velocity along the stagnation
streamline versus distance from the burner surface
for the propane flame when diluted with the inerts.
The velocity fields are almost identical. which is
reasonable because the temperature fields are al-
most identical and we have maintained fluid-dy-
namic similarity by holding 2U, /R and the fuel
ejection parameter f,. constant.
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Fie.. 5 Velocity as a function of distance from the
burner surface for propane/enriched wr (25% 0.
counterflow diftusion flames with inert addition on
the tuel side.

A close imspection of Figs. 2-5 reveals that the
locations of the flame and stagnation point are shifted
away from the burner surface as the mobility of the
inert is increased. The shift in stagnation point 1s
most accurately indicated by the locations of max-
imum soot in Figs. 2 and 3 while the shift in flame
location is indicated by both peak temperatures and
velocities in Figs. 4 and 5. The shifts are sinall
(<1/2 mm) and will not influence soot particle res-
idence times because the flame and stagnation pumt
shift together.

This shift can be understood by considering the
fact that in these experinients we have mantained

fi and « fixed so that, in the nonreactive limit. the

flow ficlds are similar in terms of v = ik /p
[épdy. Theretore, while the stagnation points ocenr
at the same 7 for all flows, they are shifted in the
physical coordinate y. For example. sinee the den-
sity is less in the helinm-diluted Same. the physical
distance to the stagnation point is greater. Esti-
mates using wmean densities show agreement he-
tween the anticipated and observed shitts,

With the velocity and temperature fields hemg
largehy independent of the additive maobility . the
implication is that the local concentrations of the
reactive species have been moditied. To verify this,
@ measurement of the species concentrations within
the sooting flames is obtained. Probe sanipling of
the stable species is performed at conditions simila
to those of the temperature measurements, in that
the oxidizer is 21 percent oxvgen as compared to
25 percent used for the soot data. The lower on-
dizer concentration reduces the extent of souting
while preserving the important concentration fea-
tures.
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Figure 6 compares the mole fraction profiles of
helium and argon for the helium- and argon-diluted
flames, respectively. The mole fraction of the inert
diluent in the flame region is higher in the helium-
diluted flame than in the argon-diluted flame, a
consequence of the disparity in the inert mobilities.

Since the local concentrations of the additive dif-
fer, the local fuel concentrations could be affected.
The relevant coordinate to compare propane con-
centrations is distance from the flame, rather than

distance from the burner because concentration
gradients in the flame region are steep and the flame
locations are not precisely the same. In Fig. 7 the
mole fraction of the parent fuel, propane, is plotted
as a function of distance from the flame. Near the
flame, the concentration gradients are found to be
less for the helium-diluted flame which, in itself,
delineates that the mole fraction of the fuel will be
locally less, and Fig. 7 illustrates this. However, a
caveat is necessary with regard to interpreting Fig.
7. The concentration gradients are so steep near the
flame that spatial measurement errors of just 0.1
mm could influence the conclusions drawn. Al-
though care was exercised to maximize the spatial
accuracy, there is an altermative means of demon-
strating the effects of preferential diffusion that is
not as sensitive to spatial accuracy.

Concentration modification of the fuel will nec-
essarily lead to a modification of the concentrations
of the fuel-based species in the flame and these
species will attain a maximum somewhere within
the flame. The maximum is insensitive to location
and, where applicable, is a good indicator of the
relative availability of soot precursors. Table 1 lists
the maximum mole fractions for all measured spe-
cies except for ethane and propadiene which did
not display obvious maximums. Without exception,
the mole fractions are higher in the argon-diluted
flame, and, in the case of potentially important soot-
particle precursors, notably butadiyne (diacetylene),
butadiene and benzene, the mole fractions are 15-
25% higher. The results demonstrate that the local
mixture composition is indeed modified in the pres-
ence of preferential diffusion and this modification
can influence soot formation.

TABLE [
Maximum mole fraction of stable species in propane/air
counterflow diffusion flames with inert addition on the fuel side.

Maximum Mole Fraction

Carbon Carbon
Hydrogen Monoxide Dioxide Methane Acctvlene  Ethvlene
Fuel Mixture (H,) (CO) (CO,) (CHy) (CaH (C.H
20% He/80% C,H, .038 .052 .086 017 018 030
20% Ar/80% C,H, .042 .057 091 018 .020 032
% Difference 10 9 6 6 10 6
1-3 1-3 Cvclopen-
Propene Butadiyne  Butadiene 2-Butene tadiene Benzene
(C3Hy) (C.Hy) (C.Hq) (CHy) (CsHe) (CeHe)
20% He/80% C;H, .0066 .00042 .00066 .00063 .00021 00048
20% Ar/80% C,H, .0070 .00049 .00089 .00068 .00024 .00060
% Difference 6 14 26 7 12 20
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Fic. 8. Temperature distribution for propane/air
counterflow diffusion flames with 20% of the nitro-
gen in the oxidizer replaced with argon or helium.

It may appear somewhat surprising that the
stratification of the inert concentrations would affect
the composition without affecting the temperature
distributions. Although the thermal diffusivities of
the inerts used vary widely, these additives are only
a small portion of the total gas composition in the
region of the flame. Consequently, the thermal
transport properties are still dominated by the ma-
jor species, e.g. nitrogen. The fuel concentration,
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Fi.. 9. Soot volume fraction as a function of dis-
tance from burner surface for propane/enriched-air
(25% (),) counterflow diffusion flames with 20% of
the mtrogen in the oxidizer replaced with argon or
helium.

however, is coupled to the inert concentration so
that stratification of the inert can have a signdicant
effect on the concentrations of fuel-related species.

The effects of inert mobility on the oxidizer side
of a propane flame are considered in Figs. § and
9. Twenty percent of the nitrogen in the oxidizer
is replaced with either argon or helium so that the
concentration of these test inerts in the oxidizer is
15 percent. Figure 8 reveals that the maximum
temperatures of the helium- and argon-diluted flames
are still quite similar even though the helium-di-
luted flame shows some broadening of the temper-
ature distribution. Furthermore, the maximum soot
volume fractions seen in Fig. 9 are almost identical.
Referring to Fig. 1 it is seen that the transport of
fue! from the stagnation point to the flame is totally
dependent on diffusion while the transport of the
oxidizer to the flame is assisted by convection.
Therefore it is reasonable that the mobility of the
inert added to the fuel would have a strong influ-
ence on fuel concentrations while adding the same
inert to the oxidizer side would have little effect on
fuel concentrations.

Concluding Remarks

In the present investigation we have provided
experimental evidence that gives strong support to
the concept that soot formation in diffusion Hanies
can be significantly affected by concentration mod-
ification due to preferential diffusion of the reac-
tive/inert species. We have further shown that,
while this result is reasonable and possibly not un-
expected, a convincing demonstration of this fact
requires careful consideration and ultimately elim-
ination of other possible causes, such as those due
to the potential modification of the temperature and
velocity fields.

Recognizing the existence and importance of dif-
fusional stratification of the concentrations of the
reactive mixtures, it would be of interest to extend
the present investigation to diffusion flames of other
configurations, to premixed flames, and to the for-
mation of other pollutant species which are sensi-
tive to concentration modifications.
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COMMENTS

R. J. Santoro, Pennsylvania State Univ.. USA. In
the presentation. you indicated that the tempera-
ture was held constant to within about 40K. Could
the variation in temperature account for the small
changes (approximately 20%) vou observed in the
species concentration.

Author's Reply. The concentration modification
resulting from preferential diffusion influences flame
temperature. and any difference in temperature
could, in turn, affect the concentrations of the py-
rolvsis products. For the helium- and argon-diluted
flames the measured difference in maximum tem-
perature is 30°C and a similar temperature differ-
ence is found throughout the pyrolysis region. (Note
that if there was a noticeable broadening of the
temperature distribution due to helium addition,
the temperature difference of the two flumes would
have been even less in the pyrolysis region.)

This difference in temperature certainly plays a
role in the concentration differences, however we
do not believe that temperature alone can account
for the measured differences in either soot or spe-
cies concentrations. While the authors are not aware
of any data describing how flame temperature in-
fluences species concentrations for this flame, some
insight can be gained by considering results where
the influence of temperature on soot concentration
of a propane flame was studied.'* When flame tem-
perature was increased 43°C without changing either
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the fuel or oxidizer concentration, the maximum soot
concentration increased only 13%. far less than the
almost 60% increase observed between the helium-
and argon-diluted flames of the present study. The
variation in species concentrations resulting from a
30°C increase in temperature would not appear to
account for the observed variations in soot concen-
tration.

The species measurements shown in Table 1 and
Fig. 7 also imply that factors other than tempera-
ture are responsible for the measured difference:.
Not only are the products and by-products of the
fuel greater in the argon-diluted flame. the parent
tuel concentration is also locally greater
likely result if temperature is responsible for the
concentration differences.
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EXPERIMENTS ON THE SOOTING LIMITS OF
AERODYNAMICALLY-STRAINED DIFFUSION FLAMES

D. X. DU, R. L. AXELBAUM anp C. K LAW

Department of Mechanical Engincering
University of California
Davis, California 95616

An experimental study has been performed with axisymmetric counterflow diffusion flames
to investigate the influence of aerodynamic straining on the relevant sooting limits of the
lower alkanes. The limits are defined by the critical strain rate at which either soot lumi-
nosity, soot particle light-scattering, or fluorescence is negligible compared to the appropriate
background signal. The critical strain rates are found to be greatest for the sooting limit based
on the fluorescence signal, with those based on luminosity and light-scattering being similar
The Huorescence signal, if attributed to polycevelic aromatic precursors. vields a limit that
can be interpreted as the extinction of soot precursors and is suggested to be a possibie It
for identifying a completely nonsooting flame condition. The separate effects of flame tem-
perature and fuel concentration on the critical strain rates for soot extinction have also been
studied. The results are indicative of how temperature and concentration influence the soot
particle inception process and they show that both are potentiully important parameters. The
critical strain rates display an Arrhenius temperature dependence and this dependence is

similar for all alkanes considered.

Introduction

Sout formation is a rate process, and as such is
subjected to residence time considerations.!'? Since
most flames are under the influence of aerodynamic
straining. the relevant time scale for such flames is
the vate of strain experienced by the flame, cx-
pressed in the unit of inverse time.® Indeed, Tsuji
and Yamaoka® have shown that disappearance of the
luminous yellow zone in a counterflow diffusion flame
can be achieved by increasing the strain rate of the
approach flow.

The present study aims to provide a detailed ex-
perimental investigation of the influence of acro-
dynamic straining on particle formation/extinction
along the following directions. First, we note that
the strain rate of Ref. 4 is a global one, valid in
the limit of an inviscid, incompressible, nonreac-
tive, unbounded flow. It is reasonable to expect that
the actual, local strain rate as experienced by the
flame can be substantially different from the global
definition. We shall therefore use the local strain
rate, determined by laser Doppler velocimetry, as
the parameter to quantify the various soot extinc-
tion phenomena to be studied.

Our second objective is to understand and quan-
tify the definition of the sooting limit, i.e., soot in-
ception/extinction limit, in diffusion flames and the
various sub-processes associated with it, using the

local extinction strain rate as the quantifving pa-
rameter. Specifically, it is of interest to explore
whether there is a close relation between the visual
disappearance of the vellow luminous region and
the actual disappearance of the soot particles. This
is a relevant concern because for diffusion flames
the temperature at the location of the peak sout
volume fraction is typically many hundreds of de-
grees lower than the flame temperature.®® There-
fore soot luminosity, with it's T* dependence, may
not be an accurate indication of soot extinction in
these flames. Furthermore, because of this tem-
perature dependence, luminosity mav not be ap-
propriate for studying the relative effects of tem-
perature on the sooting limits.

An additional consideration with the definition of
soot extinction is that since the formation of soot
particles is preceded by the formation of soot pre-
cursors, absence of the particles does not necessar-
ily imply the corresponding absence of the precur-
sors and thereby the inability to soot. We shall
therefore also provide experimental data and evi-
dence which attempt to distinguish between the
sooting limits of the particles and precursors.

Having defined the strain rate and the sooting
limits, our third objective is to use these definitions
to quantify the influences of temperature and inert
addition to the fuel on the sooting limits. Since in-
ert addition changes both the flame temperature as
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well as the fuel concentration, it is necessary to iso-
late these two factors and separately identify their
individual effects, as has been done in Ref. 6. In
this previous work it was suggested that fuel dilu-
tion can have a significant influence on soot volume
fraction by changing the total surface area in the
particle inception zone. Since the inception limit is
concerned with whether particles are produced, not
how many are produced, it is not clear a priori
whether dilution affects the inception limit as well.
Furthermore, while the importance of temperature
on soot formation is well documented as it relates
to soot vield." there are no known studies on how
relevant lame temperature is to the sooting limits.
In our study, temperature adjustment will be ac-
complished by substituting a portion of the nitro-
gen in the onidizer with an equal quantity of wrgon.
With this technique the flame temperature can be
adjusted without affecting the concentration of the
reactants on ecither the fuel or oxidizer sides of the
flame.

The experimental methodology is outlined in the
next section, which is followed by presentation and
discussion of the experimental results.

Experimental Methodology

The opposed-jet counterflow diffusion flame s
emploved in this study. This flame is stable and has
a simple, well-defined, axisymmetric flow field.® The
flame is amenable to light-scattering measurements
and does not suffer from the complication of oxi-
dizer entrainment at the rim that occurs in coflow
flames. Measurements are taken along the center-
line, which is the stagnation point streamline.

The burner configuration is shown in Fig. 1. The
flame is stabilized in the region of the stagnation
plane established between two converging nozzles.
Cotlowing nitrogen is emploved to eliminate oxi-
dizer entrainment and extinguish the outer flame.

Figure 1 also shows the optical system emploved
to measure light scattering. The beam of an argon-
ion laser operating at 488 nm is modulated by a
mechanical chopper and then focused with a 300
mm focal length lens at the midspan of the burner.
After passing through a standard set of collection
optics, the detection of scattered light is accom-
plished with a photomultiplier tube whose output
is processed by a lock-in amplifier interfaced to a
microcomputer.

Close to the sooting limit there are three signif-
iwant sources of light scattering in these diffusion
flames: gaseous Ravleigh scattering, particulate
Ravleigh scattering, and broadband fluorescence.
Since the species responsible for the fluorescence,
assumed?!! to be polycyclic aromatic hydrocarbons
(PAH), are usually associated with the soot precur-

E-2
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Fic.. 1. Schematic of the burner configuration and
the optical svstem used to measure hight scatterng

sor molecules, 1012-13 then the disappearance of the
fluorescence signal mav be an indication of the limit
at which precursor extinction has been achieved.
Therefore. determining a viable method of discrim-
inating between the three sources ol scattering is
an important aspect of this work: the details are
discussed in the Results section.

Temperatures are determined with BeO-Yt,0)4
coated Pt-20%Rh/Pt-40%Rh thermocouples with a
0.05 mm wire diameter. The lead wires are ori-
cated parallel to the flame to mininmize conduction
errors. Radiation corrections are performed by as-
sunting a convection/radiation balance ou a spher-
ical bead with a value of 0.38 for the emissioty.
In the caleulation, the Nusselt number is assumed
to be constant and equal to 2.0.

A standard single-component, laser-Doppler ve-
locimetry (LDV) svstem is used to measure the ve-
locity along the forward stagnation streamline. The
svstem is operated in the forward scattering mode,
without frequency shifting. Aluminum-ovide sced
particles with a 1.0 pm nominal diameter are sup-
plied on the oxidizer side.

For the present axisvinmetric counterlow flame
wo define the strain rate K as the negative ol the
measured velocity gradient. —de/dy. ahead of the
flame. In Fig, 2 a tvpical curve showing the mea-
sured velocity field along the stagnation streamline
is shown. The data is taken on the oxidizer side of
the stagnation point where the flame and soot tor-
mation regions occur. The velocity gradient is found
by fitting the data upstream of the flame.




AERODYNAMICALLY-STRAINED DIFFUSION FLAMES

60
50 A o%
% o ©
—_ © °
v 40 <, °
E & o ¢
Q o
~ s *
230 @ 5
s o L
8 d { > =
© 20 - © * 5
> v o &
o P
K = - dv/dy °
10 °
°
Oxidizer | Fuel
0 T T v T v T
0 2 4 6 8 10

Distance From Nozzle Exit (mm)

Fic. 2. A typical velocity profile for the axisym-
wmetric counterflow diffusion flame, illustrating the
method of determining the local strain rate from the
streamwise velocity gradient ahead of the flame.

Results and Discussions

Particle-Inception and Fluorescence Limits:

In obtaining a particle-inception limit, our inten-
tion is to find the critical strain rate where particle
inception is so small that light scattering from soot
particles is negligible compared to background scat-
tering. Near this limit there are three significant
sources of light scattering: Rayleigh scattering due
to gases and particles, and fluorescence, presum-
ably due to PAH’s. The soot particles are spherical
in this early stage of their life and therefore, as with
Ravleigh scattering from gases, the light remains
polarized. Furthermore, since the scattering is elas-
tic. the wavelength is unchanged. On the other hand
the inelastic fluorescence signal is depolarized and
broadband with both stokes and anti-stokes fluo-
rescence. ! In fact, for a 488 nm excitation wave-
length, the spectral peak of the fluorescence signal
is located close to the excitation wavelength A, with
a large contribution of the signal being at A = 488
nin. Consequently, near the sooting limit the flu-
orescence signal can be of the order of the Rayleigh
signal even though a laser line filter and polariza-
tion analyzer are employed ahead of the detector
to diminish the fluorescence signal (Fig. 1).

To obtain a true particle limit it is necessary to
discriminate between the Ravleigh signal and the
residual fluorescence signal. To do this we exploit
the fact that, unlike Rayleigh scattering, fluores-
cence is depolarizing. Total depolarization of the
fluorescence signal has been checked by measuring
the vertical (S,.) and horizontal (S),) scattering

components with an edge filter used to remove the
elastic scattering signal. It was found that S, = §,,
for A > 530 nm. Then it is reasonable to assume
that S, = S;, at A = 488 nm, and a measurement
of $;,{488 nm) will reveal how much of S, (458 nm)
is due to fluorescence.

Figure 3 illustrates the method of obtaining the
particle inception limit. First a spatial profile of
S.(488 nm) is obtained (Fig. 3a). This signal con-
tains contributions due to fluorescence and Ray-
leigh scattering from gases and particles. A profile
of $,.(488 nm) is then obtained (Fig. 3a) and this
profile is subtracted from the S,,(488 nm) profile to
vield a profile that is only due to elastic scattering
(Fig. 3b). The peak in Fig. 3b is due to scattering
from particles while the balance is due to scattering
from molecules. The signal rises after the peak be-
cause we are entering the cold fuel zone. The crit-
ical strain rate for the suppression of soot is ob-
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Fic. 3. Profiles of the measured scattering inten-
sity, in arbitrary units, illustrating the method of
determining the particle-inception limit. In Fig. 3a
the horizontally and vertically polarized compo-
nents of detected light are plotted as functions of
distance from the stagnation point. The detected
light has passed through a 1 nm laser line filter
centered on the incident wavelength 488 nm and
some fluorescence (S4,) is observed to pass through
the filter. In Fig. 3b the fluorescence signal has been
subtracted from S. so that the remaining signal s
elastic scattering from molecules and soot particles.




COMBUSTION-GENERATED PARTICULATES: SOOT IN DIFFUSION FLAMES

tained by increasing the strain rate until the peak
is eliminated. This condition is identified as the
particle-inception limit Kp which is quite sensitive
to changes in strain rate when K is less than Kp,
and the limit can easilv be determined within around
+3 57" For K greater than Ky the scattering pro-
tile is only weakly affected because the remaining
signal is due to scattering by molecules.

It is worthwhile to note that, us with cotlow
flames,'? the peak of the fluorescence signal just
precedes the particle inception region; this region
can be identified by the initial rise of the peak lo-
cated around 1.5 mm from the fuminous zone. This
sequential relationship has been used to support the
view that the fluorescing molecules are, if nothing
else, by-products of the soot inception chemistry.

It is desirable to base the particle and fluorcs-
ence limits on the same background signal, i.c., the
molecular scattering signal. To accomplish this we
continue to measure S,, but the laser line filter is
removed so that a large fluorescence signal is ob-
tained. At this strain rate, scattering from particles
is negligible because we are already at the incep-
tion limit. By again increasing the strain rate, the
base-line light scattering signal from molecules is
retrieved at another critical strain rate, Ky, which
we shall refer to as the fluorescence limit at which
production of the fluorescing PAH's is assumed to
be suppressed. This limit might be interpreted as
a representative precursor limit although it is rec-
ognized that there are important precursors at dif-
ferent stages of the soot formation process that do
not fluoresce, and that the fluorescing species tor
A, = 485 nm may not actually be the precursors
themselves.

The sooting limit based on soot luminosity is also
measured. Here the limit, indicated by K. is de-
fined as the condition where the vellow luniinous
zone is no longer visibly perceptible when viewed
through a 5X stereoscope.

The flame extinction limit, Kg, has also been de-
termined by increasing the strain rate until the flame
is extinguished. We then measure the velocity gra-
dient in a flame with a slightly lower strain rate
where a stable flame can exist and define this point
as the tlame estinction limit.

Tuble I lists the limits of luminosity (K ), particle
inception (Ky), fluorescence (Ky), and flame extinc-
tion (Ky) for flames of methane, ethane, propane
and butane with air. For a given fuel/air system,
the relation K. = Kp < K¢ < Kg is evident. Lu-
minosity appears to be an adequate  thod of de-
termining the particie iimit. However, it shouid be
noted that the luminosity measurement is some-
what subjective and potential errors are much greater
than for the measurement of Kp. In fact, an ac-
ceptable measurement of K for methane could not
be made. The methane flame has a noticeable
amount of emission in the red due to the overtone
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TABLE 1
Critical stran rate limits hased on soot
fununosity, soot-particle hght-scattermg
PAH fluorescence and flame extinetion.
K in units of 1/s.

Fnel K, *6 Kex3 K, xh K, "
Methane — 32 120 350
Ethane 12 42 130 600
Propane 92 54 190 510
Butane 56 §52 190 150

bands of water'™ and this emission also occurs in

the region of the luminous vellow zone. Theretore,
it is extremely difficult to determine the limit at
which the luminous vellow has disappeared when
the background is red. The red emission was cvi-
dent to a lesser extent in the other flames and did
not cause as great an ambiguity.

Assuming that the fluorescing species are indic-
ative of soot precursors, the result of Kp < Ky sug-
gests that a substantial amount of precursars mas
still exist even though the production of soot par-
ticles has been suppressed. It is reasonable to an-
ticipate that, in more complex flame configurations.
these precursors could survive to other parts of the
flame where the residence time and temperature
are more conducive to particle generation. Thus at-
tainment of Kp is not necessarily suflicient to guar-
antee the suppression of soot generation.

The result K < Kg is interesting in that it in-
dicates the possibility of completely eliminating soot
generation by a sufficiently high strain rate without
extinguishing the flame. We hasten to add, liow-
ever, that this result is obtained onlyv for the pres-
ent relatively non-sooty fuels of the lower alkanes
It is of interest to explore whether Ki: — Ky tor
more sooty fuels such that total soot suppression
through straining cannot be achieved without ex-
tinguishing the flame. Obviously it the fuel is a
highly-fluorescing PAH, then K = Ky would be
expected to hold.

Effects of Concentration and Temperature:

While soot growth in diffusion flames has been
studied in detail,"®'? soot inception has not. Ex-
perimental difficulties are largely responsible for this
lack of information about inception. However. as
noted by Kennedy," the critical strain rate char-
acterizes the inception chemistry; therefore a study
of how flame temperature and tuel coneentration
influence the sooting limits of diffusion Hames will
vield information about how these parameters in-
fluence inception chemistry

Figure 4 shows the varnous sooting linuts for pro-
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cence {K;) for propane diluted with nitrogen.

pane diluted with nitrogen. These results agaiu
demonstrate the differences in the limits based on
the various definitions. Furthermore, the results
show that the critical strain rates K, Kp and Kg
all decrease with inert addition and the relative
trends of the decrease are similar for all three def-
initions. In fact, the curve for K_ is similar to that
tor Kp even though inert addition decreases the
temperature (e.g., for X, = 0.4, AT = 113 K) and
this decrease will reduce the luminous intensity.

Since the chemistry of soot particle inception is
generally a function of both temperature and re-
active species concentrations, the results of Fig. 4
do not directly delineate whether the reduction in
the critical strain rates with fuel concentration is a
conscquence of temperature reduction, concentra-
tion reduction, or both. To isolate these two ef-
fects. we adopt the technique of Ref. 6. That is,
after dilution of the fuel by a certain amount of in-
ert, we bring the flame temperature back to the
nondiluted value by replacing an appropriate molar
amount of nitrogen in the air with an equal amount
of argon.

Figures 5 and 6 show the critical strain rates for
the diluted flames with and without adjustment of
the flame temperature. The difference between the
nondiluted value and the diluted value with tem-
perature adjustment is viewed as the effect due to
“pure dilution,” while the difference between the
diluted values with and without temperature ad-
justment is viewed as the effect due to flame tem-
perature variation. The curve for Kp of Fig. 4 has
been duplicated in Fig. 5 to illustrate this tech-
nique.

Referring to Fig. 5, it is seen that the effect due
to pure dilution is not large for small dilutions but,
tor fuel mole fractions less than 0.6, the effect can

be as large as that due to flame temperature. In
Ref. 6 we have demonstrated a similar influence of
inert addition on soot volume fraction for flames with
low strain rates and high soot loadings. It was
suggested® that the limited influence of flame tem-
perature when an inert is added to a fuel is a con-
sequence of stoichiometry and the presence of the
large amount of nitrogen in air. These facts imph
that the flame temperature is only minimally re-
duced even with a moderate amount of inert ad-
dition to the fuel. Reference 6 supports this expla-
nation with calculated adiabatic flame temperatures
for different amounts of inert dilution. In the pres-
ent study we further substantiated these calculated
results by experimentally determining the depen-
dence of flame temperature on inert dilution.

The results of Fig. 6b show that the critical strain
rates for methane are noticeably more dependent
upon inert addition than those for either propane
or butane. In Ref. 6 we showed that inert addition
influences the flame temperature of methane more
than it does that of propane or butane, so inert ad-
dition {filled symbols) would be expected to have a
greater influence on the critical strain rates of
methane. Figure 6b suggests that even when the
temperature is not allowed to vary with inert ad-
dition. i.c. pure dilution (open symbols,, the criti-
cal strain rates are more dependent on fuel con-
centration for methane than for the other fucls. By
comparing Kp in Figs. 5 and 6a. it is also scen that
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perature of the diluted flame has been adjusted to
be equal to that of the undiluted flame, so that these
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Fic. 6. The effect of nitrogen addition on a) the
soot luminosity and particle-inception limit for bu-
tane and b) the PAH fluorescence limit for methane
and butane. The open symbols represent data for
flames where the temperature of the diluted flame
has been adjusted to be equal to that of the un-
diluted flame, so that these data represent pure di-
lution effects.

the inception limits for propane and butane display
similar dependencies on fuel concentration.
Figures 5 and 6 show the influence of pure di-
lution on the critical strain rates. In Fig. 7 we pre-
sent the critical strain rates for flames with a fixed
concentration of fuel and oxidizer but with different
flame temperatures. The fuel mole fractions for
ethane, propane and butane are 1.0, 0.5 and 0.4,
respectively. The flame temperature is increased by
substituting a portion of the nitrogen in air by an
equal amount of argon. When the temperature of
the flame is increased, it can exceed the operating
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limits of the thermocouple. Fortunately, experi-
ments as well as adiabatic flame temperature cal-
culations show that the ratio of AT to A % Ar is
almost a constant, and this constant 15 alimost -
dependent of fuel concentration. Thercfore this ru-
tio is determined at lower fuel concentrations where
temperatures are measurable, and is then used to
determine AT when temperatures are too high to
measure.

Figure 7 shows that when concentration cfiects
are eliminated, the flame temperature can have a
strong influence on soot extinction by straining. A
200 to 300 K increase in the flame temperature can
cause a corresponding increase in the critical strain
rates by factor of two to three. Figure 8 shows the
Arrhenius plots of the critical strain rates. A linear
behavior is observed, implying that the various ex-
tinction states can be quantified by a corresponding
extinction Damkéhler number Da which varies with
K™ exp (—E./R°Ty), where E, is an overall acti-
vation energy and Ty the flame temperature. The
fact that an Arrhenius correlation exists for Ty is in
agreement with the expectation that the flame tem-
perature is useful in characterizing global temper-
ature effects.

The overall activation energies for particle and
fluorescence extinction are shown in Fig. 8 for the
various fuels. It is of interest to note that the tem-
perature dependence of Kp, depicted by E,,. is sini-
ilar for all of the alkanes studied. In addition. the
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Fic. 7. The effect of temperature on the sooting
limits for the various fuels. Temperature adpust-
ment is attained without changing the concentra-
tions of either the fuel or oxidizer. The tempera-
tures have been corrected for radiation loss.
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Fic. 8. Arrhenius-type plot for the sooting limits
for vurious fuels, including the global activation
energies obtained from least-squares fit to the data.

values of E, for the particle and fluorescence limits
of butane are quite close. This is not surprising if
the chemistry of the fluorescing species is related
to that of particle formation.

Concluding Remarks

In the present investigation we have distin-
guished the sooting limits based on luminosity, light
scattering by particles, and fluorescence. Each of
these extinction phenomena describes a different
feature of the soot particle formation process as
characterized by the respective critical strain rates.
The luminous limit is convenient and a relatively
good indicator of the absence of soot particles al-
though the results are strongly dependent on back-
ground conditions which can vary greatly with fuel
type and flame geometry. The inception limit based
on light scattering is an accurate indicator of the
absence of soot particles, yet it does not necessarily
imply suppression of the soot formation process be-
cause gaseous soot precursor species could still be
present. It is therefore believed that a sufficiently
rigorous indication that the soot formation process
is totally suppressed requires the extinction of the
soot precursors. The fluorescence limit may be a
suitable method of depicting this condition, al-
though further work must be performed to deter-
mine if the species that fluoresce when excited at
488 nm are indeed critical to, or at least are by-

products of, the chemical processes leading to soot
particle inception.

Results further show that soot particle formation
is sensitive to both fuel dilution and flame temper-
ature. It is also demonstrated that flame tempera-
ture influences both the fluorescence and particle-
inception limit in an Arrhenius manner.

Finally, the finding that the parameters impor-
tant for scot inception are similar to those for soot
formation and growth is in agreement with the well-
accepted observation that the final soot loading in
sooty flames is heavily dependent on the particle
inception process.
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